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ABSTRACT 
 
Conventional steel concentrically-braced frames (CBFs) are a stiff and efficient seismic 
lateral force resisting system, but they have limited ductility capacity due to brace 
buckling, low-cycle fatigue, and fracture.  Under earthquake loading, conventional CBFs 
dissipate energy by yielding and buckling of braces and yielding of gusset plates.  This 
behavior results in significant damage to the CBF after the earthquake and residual lateral 
drift.  A new seismic lateral force resisting system, known as a self-centering 
concentrically-braced frame (SC-CBF), has been developed and studied by researchers at 
Lehigh University.  The SC-CBF has an arrangement of members that is similar to that of 
a conventional CBF.  The SC-CBF columns, however, are not rigidly attached to the 
foundation in the vertical direction, which enables the columns to uplift and enables the 
SC-CBF to rock on its foundation.  Steel post-tensioning bars run vertically over the 
height of the CBF and are stressed to clamp the CBF to the foundation.  Energy is 
dissipated through energy dissipation devices instead of through yielding and buckling of 
the CBF braces.  The ductility capacity of the SC-CBF is increases compared to that of a 
conventional CBF, by enabling the CBF to rock on its foundation. 
The SC-CBF lateral force resisting system has been studied and a first generation design 
procedure for SC-CBFs has been developed.  A laboratory testing program at Lehigh 
University tested a 4-story, 0.6-scale SC-CBF using hybrid simulation.  The 4-story SC-
CBF was subjected to 31 intense earthquakes at both the design basis earthquake (DBE) 
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intensity level as well as the maximum considered earthquake (MCE) level.  The SC-
CBF performed very well. 
The first generation design procedure was developed through the study of 6-story SC-
CBFs, but it is uncertain how well this design procedure would work for SC-CBFs with a 
greater number of stories.  It was also not well understood how the behavior of the SC-
CBF system would change as the height increases.  This research investigates the seismic 
performance of SC-CBF structures across a range of heights, studies the accuracy of the 
first generation design procedure, studies the parameters influencing the peak member 
forces and peak drift demands for SC-CBFs under the DBE, and develops and validates a 
second generation design procedure for SC-CBFs that adequately predicts peak member 
forces and peak drift demands under the DBE for SC-CBFs across a range of heights.  
The effect of ground motion selection on the performance of the SC-CBF system in 
nonlinear time-history analysis was also studied.  Finally, a comparison study was 
performed with conventional CBFs to understand how SC-CBF behavior might impact 
the performance of nonstructural systems.   
The results of these studies indicate that, while the SC-CBF system is useful even for 
taller structures, its effectiveness at limiting member force demands, as currently 
configured, generally diminishes with increasing height.  The correlation between modal 
responses was studied and shown in many cases to be widely varying.  A new modal 
combination technique and associated modal correlation coefficients are proposed to 
account for the correlation between the modal responses and to adequately predict peak 
member force demands.  It is shown that considering both the foundation flexibility and 
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second order effects are important for estimating peak drift demands, particularly for SC-
CBFs less than 6 stories.  It is also shown that using accepted techniques for selecting and 
scaling ground motions to the seismic hazard may not lead to an accurate estimate of the 
largest SC-CBF response for a given hazard level.  A second generation design procedure 
for SC-CBFs is proposed and validated to show that it is capable of adequately estimating 
peak member force demands and peak roof drift demands under the DBE across a range 
of heights. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Overview 
Conventional steel concentrically-braced frames (CBFs) are a stiff and efficient seismic 
lateral force resisting system, but they have limited ductility capacity due to brace 
buckling, low-cycle fatigue, and fracture.  Under earthquake loading, conventional CBFs 
dissipate energy by yielding and buckling of braces and yielding of gusset plates.  This 
behavior results in significant damage to the CBF after the earthquake and residual lateral 
drift.  A new seismic lateral force resisting system, known as a self-centering 
concentrically-braced frame (SC-CBF), has been developed and studied by researchers at 
Lehigh University.  The SC-CBF has an arrangement of members that is similar to that of 
a conventional CBF.  The SC-CBF columns, however, are not rigidly attached to the 
foundation in the vertical direction, which enables the columns to uplift and enables the 
SC-CBF to rock on its foundation.  Steel post-tensioning bars run vertically over the 
height of the CBF and are stressed to clamp the CBF to the foundation.  Energy is 
dissipated through energy dissipation devices instead of through yielding and buckling of 
the CBF braces.  The ductility capacity of the SC-CBF is increases compared to that of a 
conventional CBF, by enabling the CBF to rock on its foundation. 
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The SC-CBF lateral force resisting system has been studied and a first generation design 
procedure for SC-CBFs has been developed.  A laboratory testing program at Lehigh 
University tested a 4-story, 0.6-scale SC-CBF using hybrid simulation.  The 4-story SC-
CBF was subjected to 31 intense earthquakes at both the design basis earthquake (DBE) 
intensity level as well as the maximum considered earthquake (MCE) level.  The DBE 
has a return period of about 500 years while the MCE has a return period of 2500 years 
(BSSC 2003).  The SC-CBF test structure performed very well. 
The first generation design procedure was developed through the study of 6-story SC-
CBFs, but it is uncertain how well this design procedure would work for SC-CBFs with a 
greater number of stories.  It was also not well understood how the behavior of the SC-
CBF system would change as the height increases.  This research investigates the seismic 
performance of SC-CBF structures across a range of heights, studies the accuracy of the 
first generation design procedure, studies the parameters influencing the peak member 
forces and peak drift demands for SC-CBFs under the DBE, and develops and validates a 
second generation design procedure for SC-CBFs that adequately predicts peak member 
forces and peak drift demands under the DBE for SC-CBFs across a range of heights.  
The effect of ground motion selection on the performance of the SC-CBF system in 
nonlinear time-history analysis was also studied.  Finally, a comparison study was 
performed with conventional CBFs to understand how SC-CBF behavior might impact 
the performance of nonstructural systems. 
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1.2 Research Objectives 
Past analytical research and laboratory testing on SC-CBFs has shown that an SC-CBF 
can undergo large drifts with little-to-no damage or residual drift (Roke et al. 2010).  A 
first generation design procedure for SC-CBFs was developed by Roke et al. (2010) 
based on studies of 6-story SC-CBFs.  It is uncertain how well the Roke et al. (2010) 
design procedure works for SC-CBFs with other heights (i.e., with a greater number of 
stories).  To better understand SC-CBF behavior and develop an acceptable design 
procedure for SC-CBFs, the following research objectives were established: 
 To understand the response of SC-CBF buildings across a range of building 
heights when subjected to DBE ground motions. 
 To understand the changes in SC-CBF response to sets of ground motions 
selected to represent the DBE using various selection criteria. 
 To understand SC-CBF response may affect the response of acceleration-sensitive 
nonstructural components relative to conventional steel concentrically braced 
frames (CBFs). 
 Evaluate the Roke et al. (2010) first generation design procedure in terms of peak 
member forces and peak drift demands for SC-CBFs across a range of SC-CBF 
building heights. 
 Propose changes or improvements to the Roke et al. (2010) first generation design 
procedure as necessary. 
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1.3 Research Scope 
To achieve the research objectives given in the previous section, nine research tasks were 
performed. These tasks are: 
1. Design 18 archetype SC-CBFs for buildings with varying heights (4, 6, 9, 12, 
15, and 18-stories) and and with different types of energy dissipation devices 
using a slightly improved version of the Roke et al. (2010) design procedure. 
2. Develop nonlinear numerical simulation models for nonlinear time-history 
analyses of the archetype SC-CBFs and calibrate the nonlinear numerical 
simulation model with laboratory test results.  The laboratory test data is 
documented in Roke et al. (2010), Gonner et al. (2010), and Chancellor et al. 
(2010). 
3. Select several ground motion sets for nonlinear time-history analyses of 
archetype SC-CBFs and examine the effect of ground motion selection on the 
response of these SC-CBFs. 
4. Subject nonlinear numerical simulation models of the archetype SC-CBFs to 
DBE intensity ground motion sets, and compare the results of the nonlinear 
time-history analyses with the design demands estimated by the Roke et al. 
(2010) design procedure to assess the ability of the design demand to estimate 
the peak responses. 
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5. Calculate floor spectral accelerations (SA) data using results from the 
nonlinear time-history analyses.  Compare the floor SA data for SC-CBFs to 
floor SA data for conventional CBFs to understand how the behavior of SC-
CBFs might impact acceleration-sensitive nonstructural components of 
buildings during intense ground shaking. 
6. Study alternative design approaches to address the shortcomings in the Roke 
et al. (2010) design procedure.  
7. Propose an improved second generation design procedure for SC-CBFs that is 
applicable for SC-CBFs across a range of building heights. 
8. Redesign the archetype SC-CBF systems from Task 1 using the second 
generation design procedure from Task 7 and study the redesigns using 
nonlinear time-history analyses to validate the proposed design procedure. 
9. Summarize the findings and conclusions of the research and give 
recommendations for future research. 
1.4 Organization of Document 
The proceeding chapters in this document are arranged in the following manner: 
 Chapter 2 discusses related and relevant prior research on self-centering structural 
systems and self-centering concentrically-braced frames (SC-CBFs). 
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 Chapter 3 discusses design concepts for self-centering structures, discusses and 
summarizes the first generation design procedure developed by Roke et al. 
(2010), and outlines possible problems with the first generation design procedure. 
 Chapter 4 summarizes the design of eighteen archetype SC-CBFs for buildings of 
various heights and with different types of energy dissipation devices.  The 
archetype SC-CBFs are designed using a slightly improved version of the first 
generation design procedure. 
 Chapter 5 presents details of nonlinear numerical models that were used to study 
SC-CBFs in this research and compares the response of the nonlinear numerical 
simulation models with laboratory test data. 
 Chapter 6 presents details regarding the selection of ground motions for time-
history analyses of SC-CBFs.  The effect of ground motion selection on structural 
response is studied.  The results of a single degree-of-freedom study examining 
the influence of various structural parameters and ground motion sets on ductility 
demands are reported. 
 Chapter 7 presents the data from nonlinear time-history analyses of the archetype 
SC-CBFs described in Chapter 4 subjected to DBEs from ground motion sets 
described in Chapter 6.  Peak responses of the archetype SC-CBFs from the 
nonlinear time-history analyses are compared with the design demands 
established using the first generation design procedure.  A study of the effect of 
the type of energy dissipation devices on the seismic response of the SC-CBFs is 
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also presented.  The effect of restraint from the connections of primary gravity 
beams to the SC-CBF columns was studied. 
  Chapter 8 evaluates possible changes and alternatives to the first generation 
design procedure for estimating peak member forces of SC-CBFs under the DBE. 
 Chapter 9 studies factors affecting peak drift demands for SC-CBFs under the 
DBE and proposes changes to the first generation design procedure. 
 Chapter 10 proposes a second generation design procedure for SC-CBFs based on 
the studies performed in this document.   
 Chapter 11 studies the seismic performance of archetype SC-CBFs designed 
according to the proposed design procedure in Chapter 10 and subjected to the 
DBE.  
 Chapter 12 summarizes the research reported in this document, provides findings 
and conclusions of the research, and suggests future research needs. 
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CHAPTER 2  
PRIOR RELATED AND RELEVANT RESEARCH 
 
Structures are often designed for earthquakes to dissipate energy through yielding and 
damage of structural members.  This design approach is problematic because, although 
the structure may protect the life of the occupants during an earthquake, the structure may 
be severely damaged and have significant residual lateral drift following the earthquake.  
This damage and residual lateral drift may render the structure unusable.  Costly repairs 
or demolition and reconstruction may be required before the structure is usable.  If 
numerous structures in a region are damaged, then the social and economic activities of 
the region will be severely affected. 
Researchers are developing a new class of seismic lateral force resisting systems to 
reduce the level of damage and residual drift caused by the design basis earthquake 
(DBE).  These new structural systems are known as self-centering (SC) lateral force 
resisting systems.  This chapter summarizes prior research on SC lateral force resisting 
systems.  The chapter is organized into four topics: (1) unbonded post-tensioned precast 
concrete rocking shear walls, (2) steel self-centering post-tensioned moment resisting 
frames (SC-MRFs), (3) steel self-centering concentrically braced frames (SC-CBFs), and 
(4) ductility demands on SC systems. 
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2.1 Review of Research Related to the SC-CBF System 
2.1.1 Unbonded Post-Tensioned Precast Concrete Rocking Shear Walls 
Post-tensioned (PT) precast concrete rocking shear walls are one of the earliest SC 
systems developed.  This structural system is made up of vertically stacked precast panels 
with unbonded PT steel running over the height of the wall (Kurama et al. 1999a, 
Kurama et al. 1999b).  The wall is not attached to the foundation with conventional 
reinforcing steel across the base joint.  The lack of attachment to the foundation allows 
the wall to rock on the foundation under seismic loading.  The PT steel prestresses the 
wall to the foundation.  A typical PT precast concrete rocking shear wall is shown in 
Figure 2.1.  The behavior of this system is characterized by gap opening (rocking) at the 
base joint in the vertical direction, and shear slip between the panels in the horizontal 
direction under lateral loading.  The shear slip is controlled by the design of the wall 
(Kurama et al. 1999b).  Since the PT steel is not bonded to the concrete wall over the 
height of the wall, cracking in the wall panels is significantly reduced.  Kurama et al. 
(1999a) proposed a performance-based design procedure for the PT precast concrete 
rocking shear wall system.   
The primary limit states for the PT precast concrete rocking shear wall system are: (1) 
decompression or initiation of gap opening at the base joint between the wall and the 
foundation; (2) a softening state where there is significant reduction in the lateral stiffness 
of the wall due to significant gap opening of the base joint; (3) yielding of the PT steel; 
and, (4) axial-flexure failure of the wall due to crushing of the spiral confined concrete at 
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the base of the wall (Kurama et al. 1999a).  The limit states for the PT precast concrete 
rocking shear wall system are shown in Figure 2.2. 
Kurama et al. (1999a) presents nonlinear dynamic seismic analysis data showing that the 
PT precast concrete rocking shear wall system has a larger roof drift demand than similar 
cast-in-place walls, but the residual drift is much less.   
2.1.2 Self-Centering Steel Moment-Resisting Frames  
There has been significant previous research on SC steel moment resisting frames (SC-
MRFs) (Ricles et al. 2001, Ricles et al. 2002, Christopoulos et al. 2002b, Rojas et al. 
2005, Garlock et al. 2005, Wolski 2006, Garlock et al. 2007, Kim and Christopoulos 
2008, Lin et al. 2008, Iyama et al. 2009, Kim and Christopoulos 2009, Wolski et al. 
2009).  In SC-MRFs the beams are not welded to the columns.  Instead, the SC-MRF 
beams are post-tenstioned to the columns using PT steel (Ricles et al. 2001).  Gap 
opening between the beam flanges and the flanges of the columns provides a large 
damage free ductility capacity to the beam-to-column moment resisting connections.   
Garlock et al. (2005) experimentally studied PT beam to column connections.  A 
connection studied by Garlock et al. (2005) is shown in Figure 2.3.  The beam is 
prestressed to the column using high-strength PT strands. Seat angles are bolted to the top 
and bottom flanges of the beam.  These seat angles are intended to yield and provide 
energy dissipation.  The idealized moment-rotation behavior for this PT beam-to-column 
connection with seat angles is shown in Figure 2.4.  As moment is applied to the beam, 
the beam deforms elastically.  When the applied moment in the beam causes the force in 
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the flange under tension from the bending moment (i.e., the “tension” flange) to exceed 
the initial precompression force in the flange, the “tension” flange of the beam will 
separate from the column face and a gap will form.  This gap opening behavior provides 
large ductility capacity before yielding of the beam or yielding of the panel zone of the 
connection.  When the applied moment is removed, the force in the PT steel restores the 
beam-to-column connection to its original configuration with the gap closed.  Garlock et 
al. (2005) tested six, full scale, cruciform PT beam-to-column connections using a cyclic 
loading protocol with increasing deformation amplitude.  Most of the connections were 
tested to 4% drift.  The connections exhibited “stable self-centering hysteretic behavior 
when beam local buckling and strand yielding” did not occur.  In one specimen, a few 
wires in the PT strands fractured in the PT anchor head grips before the ultimate PT 
strand force was reached.  
A SC-MRF connection similar to that studied by Garlock et al. (2005) was studied by 
Rojas et al. (2005).  The connection studied by Rojas et al. (2005) is different from the 
connection studied by Garlock et al. (2005) in that it does not have seat angles.  The 
energy dissipation in the connection studied by Rojas et al. (2005) comes from a friction 
device located on the top and bottom flange.  The connection studied by Rojas et al. 
(2005) and the idealized behavior of this connection are shown in Figure 2.5 and Figure 
2.6, respectively.  Rojas et al. (2005) studied a 6-story, 6 bay structure, with 4 bays 
containing SC-MRFs, using nonlinear dynamic seismic analysis and compared it with the 
performance of a conventional welded MRF.  The SC-MRF self-centered even though 
yielding developed at the base of the first story columns. 
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Wolski et al. (2009) experimentally studied a connection similar to the connections 
studied by Garlock et al. (2005).  The connection studied by Wolski et al. (2009) had a 
slotted angle on the top flange and a large friction device on the bottom flange for energy 
dissipation.  The slotted angle was used instead of a friction device to avoid interference 
with the floor slab.  The connection studied by Wolski et al. (2009) and the idealized 
behavior of the connection are shown in Figures 2.7 and 2.8, respectively.  Wolski et al. 
(2009) tested seven connection specimens at 0.6-scale using a cyclic loading protocol 
with displacement cycles of increasing amplitude.  Belleville disc-spring washers were 
used to maintain the tension force in the bolts of the friction device throughout loading.  
The measured tension force in the bolts was relatively constant throughout testing and 
energy dissipation was reliable.  The test results demonstrated that the friction device 
produced “predictable, consistent, and repeatable” energy dissipation characteristics 
(Wolski et al. 2009). 
2.1.3 Self-Centering Steel Concentrically-Braced Frames 
Research at Lehigh University and by others has been conducted to develop a steel self-
centering concentrically braced frame (SC-CBF) lateral force resisting system that is stiff, 
economical, and has little or no damage under the design basis earthquake (DBE).  This 
section summarizes this research on steel SC-CBFs. 
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2.1.3.1 SC-CBF Research at Lehigh University 
A post-tensioned steel rocking CBF has been studied extensively at Lehigh University.  
This lateral force resisting system is called a self-centering concentrically-braced frame 
(SC-CBF).  This work is documented in multiple references and is summarized here. 
Roke et al. (2006), Roke et al. (2010), Sause et al. (2010a), and Sause et al. (2010b) 
describe the layout and behavior of SC-CBFs.  The SC-CBF is made up of a CBF with 
PT steel running vertically over the height of the CBF.  The SC-CBF column bases are 
not attached in the vertical direction to the foundation.  The PT force pre-compresses the 
columns to the foundation; when the pre-compression force is overcome the CBF rocks 
on the foundation.  Energy dissipation (ED) is provided by lateral load bearings 
(described further later in this section) or by supplemental energy dissipation devices.  
Several configurations of the SC-CBF were studied (Roke et al. 2006, Roke et al. 2010) 
and these configurations are shown in Figure 2.9. 
Some configurations of the SC-CBF include an additional gravity column adjacent to the 
CBF column (Figure 2.10).  In this configuration, the floor diaphragm is not directly 
attached to the SC-CBF.  Lateral load bearings are placed between the CBF column and 
the adjacent gravity column to transfer lateral forces collected in the floor diaphragm to 
the SC-CBF without damaging the floor diaphragm when the SC-CBF begins to rock.  A 
typical detail for the lateral load bearings is shown in Figure 2.11.  The lateral load 
bearing is made up of two parts, a wearing plate and a bearing plate.  The bearing plate is 
attached to the gravity column adjacent to the SC-CBF column and the wearing plate is 
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attached to the SC-CBF column.  There is a small initial gap between the bearing plate 
and the wearing plate.  The floor diaphragm is attached to the gravity column and gravity 
framing adjacent to the SC-CBF column.  Lateral forces from the floor diaphragm are 
transferred through the adjacent gravity column into the bearing plate.  As lateral force is 
applied, the gap between the bearing plate and wearing plate closes, and lateral force is 
transferred from the bearing plate to the wearing plate and then to the SC-CBF.  When 
the SC-CBF begins to rock, the bearing plate and wearing plate of the lateral load bearing 
will slide vertically relative to each other.  The frictional force on the bearing plate and 
wearing plate, coupled with the relative motion between the two plates dissipates seismic 
energy as the SC-CBF rocks (Chancellor et al. 2012).  
The idealized behavior of the SC-CBF is described in Roke et al. (2006) and Roke et al. 
(2010).  As lateral forces are applied to the SC-CBF, the SC-CBF deforms elastically, 
similar to a conventional CBF.  However, as the lateral forces increase, at some point the 
column of the SC-CBF which is under tension force due to the base overturning moment 
(i.e., the “tension” column), will overcome the pre-compression due to the PT force (and 
gravity loads) and will uplift.  A gap will open at the base of this “tension” column.  The 
PT steel elongates as the SC-CBF rocks and the gap opens at the column base.  When the 
lateral forces are removed, the internal force in the PT steel provides a restoring 
overturning moment to bring the SC-CBF back to an upright, plumb condition (Roke et 
al. 2006, Roke et al 2010, and Chancellor et al. 2012).  Figure 2.12 shows the response of 
the SC-CBF before and after the “tension” column has uplifted.   
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The SC-CBF has four primary limit states (Roke et al, 2006, Roke et al. 2010).  These 
limit states are: (1) decompression and uplift of the “tension” column of the SC-CBF; (2) 
yielding of the PT steel; (3) significant yielding of SC-CBF members (beams, braces, 
columns); and (4) failure of SC-CBF members (brace buckling, fracture, etc.).  These 
limit states are shown on an idealized pushover plot in Figure 2.13.   
When the lateral forces applied to the SC-CBF become large enough, the “tension” 
column will decompress and the base of the column will lift up from the foundation (limit 
state 1).  The overturning moment at decompression is controlled by the initial post-
tensioning force in the PT steel, the SC-CBF weight, friction forces in the lateral load 
bearings (if present), and forces from any other supplemental energy dissipation devices 
that are present.  At decompression, the stiffness of the system is reduced and the 
stiffness is mainly controlled by the area and location of the PT bars.  If the applied 
lateral forces continue to increase then the PT bars will eventually yield (limit state 2).  
The stiffness of the system is again reduced when the PT bars yield.  Yielding of the PT 
bars is the first case of inelastic behavior in the SC-CBF system (neglecting the friction in 
the lateral load bearings and any other supplemental energy dissipation devices.  With 
increasing lateral drifts the frame members may begin to yield significantly (limit state 
3).  Finally, frame members may fail (buckle, fracture, etc., limit state 4).  Member 
yielding and failure are controlled by the strength and ductility capacity of the members. 
Roke et al. (2010) developed a first generation design procedure for SC-CBFs based on 
studies of 6-story SC-CBFs.  This design procedure is described in detail in Chapter 3.  
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The design procedure targets a performance objective of immediate occupancy (IO) for 
the DBE and collapse prevention (CP) for the maximum considered earthquake (MCE).   
An experimental study of a 4-story 0.6-scale SC-CBF test structure was performed at 
Lehigh University to validate the SC-CBF system concept.  The results of this study are 
covered extensively in Roke et al. (2010).  Results are also presented in Sause et al. 
(2010a, 2010b).  The testing program used the hybrid simulation technique (Hybrid 
Simulation 2008).  The hybrid simulations were not “real-time” simulations, rather they 
were conducted slowly.  A photograph of the 4-story SC-CBF in the laboratory is shown 
in Figure 2.14.  Simulations were performed at the DBE and MCE levels.  Thirty one 
successful earthquake simulations were performed with good results.   
A detailed numerical model of the 4-story 0.6-scale SC-CBF test structure was developed 
using the OpenSees nonlinear dynamic analysis program (Mazzoni et al. 2009).  Figure 
2.15 compares results for the roof drift time-history and overturning moment versus roof 
drift history from an OpenSees numerical analysis and a laboratory hybrid simulation.  
The comparison between the numerical analysis and hybrid simulation shows that both 
the drift and hysteretic behavior of the SC-CBF can be modeled quite well with a detailed 
numerical model.  Figure 2.16 shows a comparison of the numerical analysis and hybrid 
simulation results for the first and fourth story brace forces. 
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2.1.3.2 Other Research Related to the SC-CBF System 
Research on self-centering CBFs by other researchers has explored both rocking CBF 
concepts and high ductility braces that self-center.  This research is summarized in this 
section.  
2.1.3.2.1 Concentrically-Braced Frames with Energy-Dissipating Braces 
Tremblay et al. (2008a) and Christopoulos et al. (2008) studied an SC brace system for 
use in braced frames.  They called this system a self-centering energy dissipative (SCED) 
steel brace.  The SCED brace is scaleable to any desired strength level and is made up of 
two braces connected together with post-tensioned cables and includes a friction device 
for energy dissipation (Christopoulos et al. 2008).  Fuses are incorporated into the 
connections of the SCED to the structure to limit the forces that can be transferred to the 
SCED (Tremblay et al. 2008a).  A schematic of a SCED brace is shown in Figure 2.17.  
When axial tension load is applied to the brace, the initial force from post-tensioning in 
the inner tube is reduced until a gap opens at the right end of the brace between the inner 
tube and the end plate.  A gap also opens up at the left end plate between the outer tube 
and the end plant.  At this point, all tensile load is carried in the cables.  The SCED brace 
behaves in a similar manner in compression.  An axial compression load is carried 
through the inner tube to the cables and then through the outer tube to the far end of the 
brace.  If the initial post-tensioning force in the cables is properly selected (relative to the 
friction force), then the SCED will self-center.  The cables are made from an aramid 
polymer because they must be capable of “undergoing significant axial elongation 
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without failure or yielding” in order for the SCED brace to reliably self-center 
(Christopoulos et al. 2008).   
Individual SCED tests and full-scale frame tests using SCEDs were performed.  Tests 
were performed both quasi-statically and dynamically and demonstrated “stable and 
repeatable self-centering hysteretic response” (Christopoulos et al. 2008).  See Figure 
2.18 for an example of SCED brace response under quasi-static axial loading.  Tremblay 
et al. (2008a) noted that the SCED brace performed better than a buckling restrained 
brace (BRB) in numerical simulations of taller structures.  Some slip in the fuses 
incorporated into the end of the SCED brace connections was noted in numerical 
simulations by Tremblay et al. (2008a).  However, even with this slip, the permanent 
deformation in the SCED system was significantly less than the permanent deformation 
in the comparable BRB system.  The floor accelerations for the SCED structures were 
greater than for the BRB structures.  This difference was attributed in part to the 
comparative sharpness in the transition in slope between the elastic and post-yielding or 
post gap-opening portions of the load displacement curves for the BRB and SCED braces 
in the numerical model.  The transition was sharper for the SCED brace numerical model 
than for the BRB numerical model, but the transition occurs more gradually in real SCED 
braces (Tremblay et al. 2008a).  The SCED system also had more resistance to collapse 
than the BRB system under ground motions at the MCE intensity level. 
Tremblay et al. (2010) presented some preliminary laboratory results from shake table 
tests on a 1/3 scale 3-story structure with SCED braces.  The test results show that the 
structure performed well under a design basis earthquake (DBE) with no structural 
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damage or permanent deformation. The test structure also self-centered (Tremblay et al. 
2010). 
Zhu and Zhang (2008) studied a self-centering brace with behavior similar to that of the 
SCED braces studied by Christopoulos et al. (2008), Tremblay et al. (2008a) and 
Tremblay et al. (2010).  The brace studied by Zhu and Zhang (2008) has different 
construction.  A schematic of the brace by Zhu and Zhang (2008), called a self-centering 
friction damping brace (SFDB), is shown in Figure 2.19.  Instead of aramid cables, Zhu 
and Zhang (2008) used nitinol wires to connect the two parts of the SFDB.  Nitinol is a 
superelastic metal that changes phase from austenite to martensite under loading and 
from martensite to austenite on unloading.  Scaled SFDB specimens were physically 
tested and nonlinear time-history analyses and pushover analyses were performed on 3-
story and 6-story structures with SFDBs.  The numerical simulation results were 
compared with results from a 3-story and 6-story structure with BRBs.  The SFDB 
structures had smaller residual story drifts compared to BRB structures (Zhu and Zhang 
2008).  
Miller, Fahnestock, and Eartherton (2012) studied a self-centering BRB (SC-BRB) 
concept similar to the concept of the SCED brace studied by Tremblay et al. (2008a) and 
Christopoulos et al. (2008).  However, Miller, Fahnestock, and Eartherton (2012) used 
shape memory alloy (SMA) rods instead of aramid cables to provide self-centering and 
yielding elements instead of friction devices for energy dissipation.  Two half-scale SC-
BRBs were tested using uniaxial quasistatic cyclic loading.  The residual deformation of 
the SC-BRBs was about half of the peak brace deformation, but this residual deformation 
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can be “controlled by adjusting the ratio of initial SMA pretension force to the strain-
hardened BRB core yield force”. 
2.1.3.2.2 Rocking Concentrically Braced Frame Systems 
Tremblay et al. (2008b) studied a rocking CBF with viscous dampers at the column 
bases.  This system is called a Viscously Damped Controlled Seismic Rocking (VDCSR) 
system and is shown in Figure 2.20.  The dampers are used to control the forces in the 
column which uplifts during rocking. The damping helps to control the lateral 
displacements of the CBF.  Numerical studies of 2, 4, and 6-story VSCSR structures were 
performed.  The numerical studies show that the column uplift forces are reduced to a 
very small value compared with the uplift forces for conventional CBFs.  The peak base 
shear in the VDCSR system is comparable to that of a conventional CBF.  Shake table 
tests of a 2-story 1/2-scale VDCSR structure were performed.  A schematic of the shake 
table test setup and picture of the VDSCR structure in the laboratory is shown in Figure 
2.21.  The laboratory results show that the rocking response of the VDCSR structure is 
dominated by rigid body rotation (see Figure 2.22a).   
Eatherton et al. (2010a), Eatherton et al. (2010b), and Ma et al. (2010) studied a rocking 
self-centering CBF system similar to the SC-CBF system studied by Roke et al. (2006), 
Roke et al. (2010), Sause et al. (2010a), and Sause et al. (2010b).  The CBF is allowed to 
rock on its foundation and PT steel runs vertically over the height of the CBF.  Eatherton 
et al. (2010a) and Eatherton et al. (2010b) studied a series of configurations of dual and 
single rocking CBFs.  Figure 2.23 shows one of the dual CBF test configurations.  PT 
strands were placed at the center of each CBF and steel shear “fuses” for energy 
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dissipation were placed between the CBFs.  Testing of the system was performed quasi-
statically and several hybrid simulations were performed.  An OpenSees (Mazzoni et al. 
2009) model of the pair of CBFs was developed and the numerical simulation results 
were compared with the experimental results.  Figure 2.24 shows a comparison of 
experimental and numerical simulation results under cyclic loading.  Eatherton et al. 
(2010a) noted that some of the individual wires in the PT strands started to fracture near 
1% strain.  Except for this damage to the PT strands, the structural damage was 
concentrated in the replaceable shear fuses and the same CBFs were used repeatedly for 
testing.   
Ma et al. (2010) reported results from shake table testing of a single 2/3-scale rocking 
CBF with PT strands and steel shear fuses.  The PT strands were placed at the center of 
the CBF and the shear fuse was located at the base of the frame in the center (see Figure 
2.25).  The CBF was tested using the 1995 JMA Kobe earthquake record scaled to 65%.  
The CBF self-centered and there was no residual drift.  Inelastic deformation was 
concentrated in the shear fuses.  Figure 2.26 shows a plot of restoring moment (base 
overturning moment) versus uplift ratio.  The uplift ratio is the ratio of displacement from 
the CBF column uplift to frame bay width (Ma et al. 2010). 
Midorikawa et al. (2006) studied a rocking CBF without PT steel to prestress the CBF to 
the foundation.  A schematic of this system is shown in Figure 2.27.  Energy dissipation 
comes from column base plates that are designed to yield as the “tension” column uplifts.  
A column base plate detail for this rocking CBF system is shown in Figure 2.28.  The 
base plate is designed so that plastic hinges form at the end of each “wing”.  The yield 
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strength of the base plate should be less than the gravity load on the CBF column so that 
the CBF will self-center after an earthquake.  Three, 1/2-scale CBFs were tested on a 
shake table in Japan.  Midorikawa et al. (2006) concluded from the test data that the peak 
base shear in the rocking CBF is reduced compared to that of a fixed base CBF.  Weaker 
base plates led to a significant reduction in the base shear.  The roof displacement was 
about the same for the rocking CBF and fixed base CBF. 
2.1.4 Ductility Demands for Self-Centering Systems 
The hysteretic behavior of SC systems is fundamentally different than the hysteretic 
behavior of conventional structural systems under lateral loading.  The hysteretic 
behavior of many conventional structural systems can be idealized as bilinear elastic-
plastic or stiffness degrading, while the hysteretic behavior of SC systems is 
characterized by flag-shaped hysteresis loops.  A schematic of flag-shaped hysteresis 
loops for SC systems is shown in Figure 2.29.  The difference in hysteric behavior 
between SC systems and conventional systems suggests that the ductility demand 
expected for a structure with a given period and response modification coefficient (e.g., 
from the well-known equal displacement rule) may not hold for SC systems. 
Seo and Sause (2005) studied ductility demands on self-centering systems.  Their work 
studied the seismic response of self-centering SDOF systems and compared this response 
with the response of bilinear elastic-plastic and stiffness degrading SDOF systems.  Seo 
and Sause (2005) studied the relationship between the response modification factor, R, 
and the ductility demand ratio, μR, for rock, soft rock, and stiff soil sites at an earthquake 
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intensity level of approximately the DBE intensity level.  Median ductility demand 
spectra were calculated for a set of ground motions.  The ductility demand ratio, μR, was 
defined as: 
y
nl
R
u
umax  (2.7) 
where, 
 
nlumax  = the maximum absolute nonlinear displacement from time-history analysis 
i
y
y
k
F
u   (2.8) 
Fy = the effective linear limit force corresponding to the beginning of a noticeable 
reduction in the lateral stiffness of the system 
ki = the initial stiffness of the system 
Seo and Sause (2005) studied the effect of several structural parameters on the ductility 
demand for self-centering systems.  The parameters included R, βE,  , and ξ.  βE, the 
energy dissipation ratio, measures the amount of energy dissipated per displacement 
cycle for a SC system relative to the energy dissipated per displacement cycle by a 
bilinear elastic-plastic hysteretic system.    is the ratio of the post-yield stiffness to the 
initial stiffness.  βE and   are shown schematically in Figure 2.29.  ξ is the specified 
viscous damping ratio to model the inherent damping of the system, exclusive of the 
hysteretic energy dissipation.  Figure 2.30 shows constant R median ductility demand 
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spectra for two self-centering (SC) systems (SC0-2, SC12.5-2) and one stiffness-
degrading (SD) system.  These systems have an R value of 4 and an   of 2%.  The βE 
values for the SC systems are 0% (SC0-2) and 12.5% (SC12.5-2).  At short periods μR 
increases towards infinity while at longer periods μR is much more constant.  Seo and 
Sause (2005) note that the point between the short period region, where the ductility 
demand increases towards infinity, and the long period region, where the ductility 
demand is relatively constant, increases with R.  Seo and Sause (2005) also note that the 
equal displacement rule should not be used for SC systems with small   values and βE 
less than 50%.  Ductility demands can be reduced by increasing  , but the amount of this 
reduction is period dependent.  Increasing βE also reduces the ductility demand on SC 
systems, and this reduction is fairly uniform across the range of periods.  The ductility 
demand on SC systems is dependent on the soil type, with the ductility demand being the 
largest for the stiff soil sites and the smallest for the rock sites Seo and Sause (2005). 
Christopoulos et al. (2002a) studied the influence of post-yielding stiffness and energy 
dissipation on the response of SDOF systems with flag-shaped hysteretic behavior.  The 
response parameters studied were displacement ductility, absolute acceleration, and 
absorbed energy.  The response of SDOF systems with flag-shaped hysteresis loops is 
compared with the response of bilinear elastic-plastic hysteretic SDOF systems.  Ground 
motion records corresponding to the 10% probability of exceedance in 50 years hazard 
level in California were used for the study.  In some parts of California the 10% 
probability of exceedance in 50 years hazard level is approximately equivalent to the 
DBE (BSSC 2003).  The bilinear elastic-plastic system was assumed to have an   of 0.02, 
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where   is the ratio of post-yield stiffness to initial stiffness.  The range of   values 
considered in the study for systems with flag-shaped hysteresis was 0.02-0.35.  β, a 
measure of the energy dissipation of the system, was also varied.  β is equal to 2∙βE from 
Seo and Sause (2005).  See Figure 2.31 for a graphical representation of these 
parameters.  Christopoulos et al. (2002a) concluded that increasing the value of   most 
effectively reduced ductility demands in flag-shaped hysteretic SDOF systems at short 
periods and low strength levels.  For structures with long periods and high strength levels, 
the most effective method of reducing ductility demands was increasing the value of β.  
The systems with flag-shaped hysteresis loops tended to produce greater values of 
maximum absolute acceleration when compared to systems with bilinear elastic-plastic 
hysteretic behavior.  The absorbed energy for the systems with the flag-shaped hysteretic 
behavior was always less than the absorbed energy of systems that have bilinear elastic-
plastic hysteretic behavior. 
Eatherton and Hajjar (2010) studied the effect of the inherent lateral force resistance of 
the gravity framing on the residual drift of an SC system.  Limited data on interior 
partition walls and steel gravity framing connections was extrapolated to approximate the 
response of an entire story of a structure.  Several building heights were studied (3, 6, 9, 
and 12-stories) and the response modification factors were varied (4, 6, 8 and 10).  The 
energy dissipation was varied, ranging from bilinear elastic (no energy dissipation) to 
elastic-perfectly plastic.  The stiffness ratio (the ratio of the energy dissipation component 
stiffness to the initial lateral stiffness of the entire system) and several other parameters 
were varied.  The load-deformation response and tributary mass were converted to an 
29 
 
equivalent single degree-of-freedom (SDOF) system for the study.  A uniform 
distribution of the deformations over the height of the structure was assumed to convert 
the multi-degree-of-freedom (MDOF) system to an SDOF system.   
Eatherton and Hajjar (2010) discussed two types of self-centering: self-centering from the 
nature of the load-deformation response (see Figure 2.32) and self-centering from when 
the yield force in the opposite direction (past the zero displacement point) is larger than 
the yield force towards the direction of zero displacement (see Figure 2.33).  Eatherton 
and Hajjar (2010) demonstrate that there is a probabilistic tendency for systems of the 
second type of self-centering to have acceptable levels of residual drift, even though the 
force-displacement appears to allow large static drifts when the load is removed.  The 
data shows that gypsum interior partitions reduce the peak drift, but do not significantly 
affect residual drifts because the strength of the partition degrades.  Residual drift is more 
sensitive to gravity framing connections than gypsum interior partitions because the 
gravity connection strength tends not to degrade as much.  Eatherton and Hajjar (2010) 
conclude that if the restoring force of the self-centering system has at least half of the 
capacity of the energy dissipating elements then the residual drift will be controlled with 
good reliability.  Additionally, when β (β is approximately equal to 2∙βE from Seo and 
Sause (2005)) was less than or equal to 1.33, the system reliably met residual drift limit 
requirements at the 10% in 50 year seismic event level (approximately DBE).  FED and FY 
are defined schematically in Figure 2.32.  At the 2% in 50 year seismic event level 
(MCE) most of the configurations studied met the residual drift limits when β was less 
than or equal to 1.5 (Eatherton and Hajjar 2010). 
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2.2 Summary 
SC systems are self-centering lateral force resisting systems that are designed to reduce 
or eliminate damage and residual drift associated with conventional lateral force resisting 
systems.  SC systems typically have a combination of gap opening behavior and 
supplemental energy dissipation to achieve large ductility capacity without damage.  
Some SC systems use PT steel to provide a positive restoring overturning moment while 
others use the gravity loads acting on the lateral force resisting system to self-center the 
system.  SC systems discussed in this chapter included PT precast concrete rocking shear 
walls, SC moment resisting frames, SC rocking concentrically braced frames, and SC 
braces.  The SC systems were noted to have little or no damage under design level 
earthquakes while providing self-centering hysteretic behavior.   
Ductility demands on SC systems were also discussed.  SC systems have hysteretic 
behavior which is fundamentally different than that of conventional structural systems.  
Therefore, the ductility demands for SC systems are typically larger than those for 
conventional systems.  The ductility demands depend on the amount of energy dissipated 
per cycle of response, the yield strength of the system, the ratio of the post-yield stiffness 
to the initial stiffness, the soil type, and the period of the system.  Equations for 
estimating the ductility demands on SC systems were developed by Seo and Sause 
(2005). 
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Figure 2.1 – Unbonded post-tensioned precast concrete rocking wall: (a) elevation view; 
(b) cross section near base (Kurama et al. 1999a) 
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Figure 2.2 – Limit states for unbonded post-tensioned precast concrete rocking wall 
(Kurama et al. 1999a) 
33 
 
 
 
Figure 2.3 – Post-tensioned steel MRF connection: (a) schematic elevation of one floor of 
a post-tensioned moment frame; (b) connection details (Garlock et al. 2005) 
 
 
Figure 2.4 – (a) Moment rotation behavior of post-tensioned steel MRF connection with 
seat angles and (b) deformation of decompressed post-tensioned moment frame 
connection (Garlock et al. 2005) 
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Figure 2.5 – Post-tensioned steel MRF connection: (a) schematic elevation of one floor of 
a post-tensioned steel MRF; (b) connection details (Rojas et al. 2005) 
 
 
Figure 2.6 – Idealized moment-rotation behavior of post-tensioned steel MRF connection 
with friction devices on top and bottom flange (Rojas et al. 2005) 
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Figure 2.7 – Post-tensioned steel MRF connection: (a) schematic elevation of two floors 
of a post-tensioned steel MRF; (b) connection details (Wolski et al. 2009) 
 
 
Figure 2.8 – Idealized moment-rotation behavior of post-tensioned steel MRF connection 
with friction devices on bottom flange (Wolski et al. 2009) 
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Figure 2.9 – SC-CBF configurations studied by Roke et al. (2010) 
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Figure 2.10 – Schematic of SC-CBF with gravity columns adjacent to SC-CBF frame 
columns and lateral load bearing energy dissipation elements (Roke et al. 2010) 
 
 
Figure 2.11 – Typical detail for lateral load bearing with friction (Chancellor et al. 2012) 
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Figure 2.12 – SC-CBF behavior under lateral loading: (a) elastic response prior to column 
decompression; (b) rigid-body rotation due to rocking (Roke et al. 2010) 
 
 
 
Figure 2.13 – Idealized overturning moment versus roof drift response for an SC-CBF  
(Roke et al. 2010) 
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Figure 2.14 – Photograph of SC-CBF test structure (Roke et al.  2010) 
 
 
 
Figure 2.15 – Response to DBE cls000: (a) roof drift time-history; (b) overturning 
moment versus roof drift (Sause et al. 2010) 
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Figure 2.16 – Response to DBE cls000: (a) first story south brace time-history; (b) fouth 
story south brace time-history (Sause et al. 2010) 
 
 
 
 
Figure 2.17 – Schematic of SCED system with steel tubes, cables, and friction dissipative 
mechanism (Christopoulos et al. 2008) 
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Figure 2.18 – Response of SCED prototype under quasi-static axial loading: (a) only PT 
applied; (b) PT + two bolt friction mechanism; (c) PT + four bolt friction mechanism; (d) 
full SCED brace; (e) force in PT elements; (f) friction device only (Christopoulos et al. 
2008) 
 
 
 
Figure 2.19 – Schematic of mechanical configuration of SFDB (Zhu and Zhang 2008) 
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Figure 2.20 – Schematic of VDCSR system: (a) frame layout and rocking behavior; (b) 
braced frame with viscous dampers at the column bases; (c) viscous damper details 
(Tremblay et al. 2008b) 
 
 
Figure 2.21 – Shake table test setup: (a) schematic of test model (b) entire test setup with 
seismic mass system (Tremblay et al. 2008b) 
(a) (b) (c) 
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Figure 2.22 – Shake table test under an magnitude 7.0 at 50 km seismic event for the 
Montreal site: (a) Measured response; (b) Comparison between test results and numerical 
predictions (Tremblay et al. 2008b) 
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Figure 2.23 – Detail of side-by-side rocking CBF configuration for laboratory testing 
(left) and photograph of test setup in the laboratory (right) (Eatherton et al. 2010) 
 
 
Figure 2.24 – Comparison of experimental and computational overturning moment versus 
roof drift response for quasi-static cyclic testing of rocking CBF (Eatherton et al. 2010a) 
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Figure 2.25 –Drawings of rocking CBF used for shake-table testing: (a) elevation view; 
(b) fuse detail (Ma et al. 2010) 
 
 
Figure 2.26 – Restoring moment versus uplift ratio for 65% JMA Kobe shake table test of 
scaled rocking CBF (Eatherton et al. 2010) 
(a) 
(b) 
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Figure 2.27 – Rocking CBF system with yielding base plates (Midorikawa et al. 2006) 
 
 
Figure 2.28 – Detail of yielding base plate for rocking CBF system (Midorikawa et al. 
2006) 
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Figure 2.29 – Schematic of system parameters for study of ductility demands (Seo and 
Sause 2005) 
 
 
Figure 2.30 – Smooth median ductility spectra for self-centering (SC) and stiffness 
degrading (SD) SDOF systems (Seo and Sause 2005) 
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Figure 2.31 – Graphical representation of parameters used in study of self-centering 
SDOF systems: (a) bilinear elastic-plastic system; (b) self-centering system with energy 
dissipation (Christopoulos et al. 2002a) 
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Figure 2.32 – Response of self-centering system where self-centering is driven by nature 
of load-deformation response: (a) gap-opening element; (b) energy-dissipating element; 
(c) combined gap-opening element and energy-dissipating element; (d) experimental 
response (Eatherton and Hajjar 2010) 
 
 
Figure 2.33 – Demonstration of probabilistic tendency of self-centering in structural 
response (Eatherton and Hajjar 2010) 
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CHAPTER 3 
DESIGN CONCEPTS FOR SC-CBF STRUCTURES 
A design procedure for SC-CBF structures is needed which, adequately estimates peak 
member force and peak deformation demands, and ensures adequate member force and 
deformation capacity..  This chapter discusses several design procedures which could be 
applied to SC-CBFs and describes the shortcomings of each design procedure.  The first 
generation design procedure for SC-CBF developed by Roke et al. (2010) is discussed at 
length. 
3.1 Equivalent Lateral Force Seismic Design Procedure 
One commonly used seismic design procedure is the equivalent lateral force (ELF) 
procedure.  The ELF procedure “provides a simple way to incorporate the effects of 
inelastic dynamic response into a linear static analysis” (BSSC 2009).  The ELF 
procedure is valid for structures without significant global torsion response and without 
significant discontinuities in mass or stiffness over the height of the structure (BSSC 
2009).  A summary of the ELF design procedure given in ASCE 7-05 (ASCE 2005) 
(which is similar to the ELF design procedure given in ASCE 7-10 (ASCE 2010)) is 
presented in FEMA P-750 (BSSC 2009). Some key parts of this summary are included 
here.   
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The ELF design procedure has three basic steps for determining member forces.  These 
steps are: 
1. Determine the seismic design base shear, which is the total design lateral force 
acting on the structure; 
2. Determine the distribution of the total design lateral force over the height of the 
structure; 
3. Distribute the lateral force at each level of the structure horizontally across the 
length and width of the structure (BSSC 2009). 
The first two steps will be discussed here.  The third step is not important for the present 
discussion of design procedures.   
The seismic design base shear is calculated using Equation 3.1 (ASCE 2010): 
WCV S   (3.1) 
where,  
V = the seismic base shear 
CS = the seismic response coefficient 
W = the effective seismic weight 
CS depends on the building site seismicity and soil conditions, and the type of lateral 
force resisting system used in the structure.  The effective seismic weight (W) is equal to 
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the sum of the dead load, a portion of the live load, and possibly a snow load depending 
on the geographic location of the structure (ASCE 2010). 
After the seismic design base shear has been determined, this total lateral force is 
distributed over the height of the structure.  The lateral force applied at each floor level is 
calculated using Equation 3.2 (ASCE 2010).  
VCF vxx   (3.2) 
where,  
Fx = the design lateral force at floor x 
V is the seismic design base shear 
Cvx is a vertical distribution factor 
Cvx is calculated as: 
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 (3.3) 
where,  wx is the portion of the effective seismic weight located at floor x, wi is the 
portion of the effective seismic weight located at floor i, and hx and hi are the heights of 
floor x and i, respectively, above the base of the structure (ASCE 2010).  In Equation 3.3 
the exponent, k, is dependent on the approximate first mode period of the structure and 
“is intended to approximate the effect of higher modes which are generally more 
dominant in structures with a longer fundamental period of vibration” (BSSC 2009).  
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FEMA P-750 (BSSC 2009) also notes that “the actual first mode shape for a structure is 
also a function of the type of seismic-force-resisting system” and “that effect is not 
reflected” in Equation 3.3. 
The behavior of the SC-CBF is such that the first mode forces are expected to be limited 
by rocking of the CBF and yielding of the PT bars, which should protect the SC-CBF 
members from inelastic deformations (Roke et al. 2010).  With a conventional CBF, 
yielding and buckling of the braces may affect the response of all vibration modes, but 
for an SC-CBF where the members are intended to remain elastic, the higher mode 
response is not limited by inelastic deformation.  This behavior of the SC-CBF means the 
ELF design procedure may not be appropriate for the member design.  Therefore, other 
design procedures are explored here, and in more detail in Chapter 8. 
3.2 Response Spectrum Analysis Seismic Design Procedure 
Another seismic design procedure for structures available in current building code 
provisions (ASCE 7-10 (ASCE 2010)) is the response spectrum analysis (RSA) 
procedure.  Similar to the ELF design procedure, the RSA design procedure uses a linear 
elastic analysis model.   
The RSA design procedure is an iterative procedure.  Member sizes are selected for the 
lateral force resisting system and then the properties of the vibration modes (periods, 
mode shapes, etc.) are determined using the seismic mass and stiffness of the structure.  
An elastic design spectrum is used, which is based on the building site seismicity and soil 
conditions.  The elastic design spectrum is reduced by dividing it by a response 
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modification coefficient, R.  The R value depends on the type of lateral force resisting 
system used for the structure (ASCE 2010).  A graphical representation of R is shown in 
Figure 3.1.  The reduced design spectrum is used with the modal properties of the 
structure to determine the seismic design forces for each mode.  The modal seismic 
design forces are applied to a linear elastic analysis model to determine the member force 
demands and the displacement response for each mode.  The modal responses are then 
combined using a modal combination procedure such as the square root of the sum of the 
squares (SRSS) of the modal responses or the complete quadratic combination (CQC) of 
the modal responses (ASCE 2010).  Member force capacities are calculated and 
compared with the combined modal member force demands.  If the member force 
capacities are not greater than the demands, then new members are designed and the 
process is repeated until the member force capacities are adequate.   
The displacement response for each mode is also determined from the linear elastic 
analysis model.  The story drifts for each mode are calculated from the displacements and 
combined using a modal combination procedure.  The combined story drifts are amplified 
by a displacement amplification factor, Cd, to account for the expected nonlinear behavior 
of the structure (ASCE 2010).  Cd depends on the type of lateral force resisting system.  
A graphical representation of Cd is shown in Figure 3.1. 
The RSA design procedure often gives smaller design base shears than the ELF design 
procedure (BSSC 2009).  The RSA design procedure also uses the actual distribution of 
the mass and stiffness in the structure, resulting in better estimates of member force and 
displacement demands (BSSC 2009).  For SC-CBFs, a disadvantage of the conventional 
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RSA design procedure is that the RSA design procedure reduces the entire elastic design 
spectrum by the response modification coefficient, R.  Since the response of the higher 
modes is not limited by rocking of the SC-CBF and yielding of the PT bars, it may not be 
appropriate to reduce the entire elastic design spectrum.  Also, the RSA design procedure 
amplifies the story drifts by Cd to estimate peak nonlinear story drifts based only on the 
type of lateral force resisting system, and not on the structural properties.  Seo (2005) 
shows that for self-centering structural systems, the ductility demands are strongly 
influenced by structural properties, such as the amount of energy dissipation and the ratio 
of the post-decompression stiffness to the initial stiffness.  Seo (2005) also shows that the 
ductility demands for self-centering systems can be significantly greater than the ductility 
demands for conventional structural systems (see Section 2.1.4).  Since self-centering 
systems can have greater ductility demands than conventional structural systems, and the 
ductility demands depend on the structural properties, it is not appropriate to use the 
simple displacement amplification factor Cd from ASCE 7-10 (ASCE 2010) for self-
centering systems. 
The RSA design procedure has a key advantage of directly accounting for the response in 
each mode, but uses a reduced elastic design spectrum that is not appropriate for SC-
CBFs.  Additionally, the simple displacement amplification factor Cd is not appropriate 
for SC-CBFs.  Although the conventional RSA design procedure is not appropriate for 
SC-CBFs, it is possible to develop a modified RSA design procedure for SC-CBFs.  The 
Roke et al. (2010) first generation design procedure for SC-CBFs is a modified RSA 
design procedure, specifically for SC-CBF structures. 
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3.3 Roke et al. (2010) First Generation Design Procedure for SC-CBFs 
3.3.1 Design Concepts for SC-CBFs 
The SC-CBF system is intended to have little or no structural damage under the design 
basis earthquake (DBE), so that it is possible for the building to be immediately occupied 
after the earthquake.  This performance objective is different from the performance 
objective of current building code provisions (ASCE 7-10 (ASCE 2010)) for seismic 
lateral force resisting systems, where “life-safety” (i.e., protecting the lives of the 
occupants of the structure) under the DBE is the stated design objective.  The design 
procedure used for SC-CBFs should take this difference into account.  Roke et al. (2010) 
developed a first generation design procedure for SC-CBFs that is similar to the RSA 
design procedure, but which has several important modifications. 
The first generation design procedure for SC-CBFs is documented in Roke et al. (2010), 
as well as in Roke et al. (2008, 2009a, 2009b).  This design procedure targets a 
performance condition of Immediate Occupancy (IO) under the Design Basis Earthquake 
(DBE) and a performance condition of Collapse Prevention (CP) under the Maximum 
Considered Earthquake (MCE).  Roke et al. (2010) references FEMA 450 (BSSC 2003) 
for definitions of IO, CP, DBE, and MCE.  The IO performance condition is defined by 
FEMA 450 (BSSC 2003) as: 
“The immediate occupancy level is similar to the operational level 
although somewhat more damage to nonstructural systems is anticipated. 
Damage to the structural systems is very slight and the structure retains 
all of its pre-earthquake strength and nearly all of its stiffness. 
Nonstructural elements, including ceilings, cladding, and mechanical and 
electrical components, remain secured and do not represent hazards. 
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Exterior nonstructural wall elements and roof elements continue to 
provide a weather barrier, and to be otherwise serviceable. The structure 
remains safe to occupy; however, some repair and clean-up is probably 
required before the structure can be restored to normal service. In 
particular, it is expected that utilities necessary for normal function of all 
systems will not be available, although those necessary for life safety 
systems would be provided. Some equipment and systems used in normal 
function of the structure may experience internal damage due to shaking 
of the structure, but most would be expected to operate if the necessary 
utility service was available. Similar to the operational level, the risk to 
life safety during an earthquake in a structure meeting this performance 
level is negligible. Structural repair may be completed at the occupants’ 
convenience, however, significant nonstructural repair and cleanup is 
probably required before normal function of the structure can be 
restored.”  
The first generation design procedure developed for SC-CBFs (Roke et al. 2010) focused 
on maintaining IO performance for the lateral force resisting system under the DBE.  IO 
performance for nonstructural components was not a focus of the design procedure. 
Collapse prevention (CP) is defined by FEMA 450 (BSSC 2003) as: 
“At the collapse prevention level a structure has sustained nearly 
complete damage. The seismic-force-resisting system has lost most of its 
original stiffness and strength and little margin remains against collapse. 
Substantial degradation of the structural elements has occurred including 
extensive cracking and spalling of masonry and concrete elements and 
buckling and fracture of steel elements. The structure may have significant 
permanent lateral offset. Nonstructural elements of the structure have 
experienced substantial damage and may have become dislodged creating 
falling hazards. The structure is unsafe for occupancy as even relatively 
moderate ground motion from aftershocks could induce collapse. Repair 
of the structure and restoration to service is probably not practically 
achievable.” 
The first generation SC-CBF design procedure (Roke et al. 2010) considered the limit 
state of member failure to be near the CP condition.   
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Two different earthquake intensity levels are considered by the first generation design 
procedure for SC-CBFs (Roke et al. 2010).  These earthquake intensity levels are the 
DBE and MCE.  FEMA 450 (BSSC 2003) defines the MCE as ground motion intensity 
with a 2% probability of exceedance in 50 years.  The MCE is intended to reasonably 
represent the “most severe ground motion ever likely to affect a site” and is a ground 
motion event with a return period of about 2500 years (BSSC 2003).  The DBE is a 
ground motion with 2/3 of the intensity of the MCE and has a return period of several 
hundred years (ASCE 2010).  In some parts of California the DBE is a ground motion 
intensity with about a 10% probability of exceedance in 50 years (BSSC 2003).  A 10% 
probability of exceedance in 50 years corresponds to a return period of about 500 years 
(BSSC 2003).  
Figure 3.2 relates the performance conditions and seismic design demands to the primary 
limit states for an SC-CBF based on the Roke et al. (2010) first generation design 
procedure.  The limit state of column decompression does not cause damage to the 
structure if the connection between the floor diaphragm and SC-CBF is detailed properly 
(e.g., by using lateral load bearings) and therefore, this limit state falls within the IO 
performance condition.  For more information on SC-CBF limit states and lateral load 
bearings, see Section 2.1.3.1.   
The second limit state shown in Figure 3.2, yielding of the PT steel, can have significant 
consequences depending on the type of PT steel that is used.  Some high strength PT 
strand and anchorage systems may fail soon after yielding (e.g., see Garlock et al. 2005), 
while some PT bar and anchorage systems have good ductility after yielding (e.g., see 
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Perez et al. 2003).  The first generation design procedure outlined in Roke et al. (2006) 
and Roke et al. (2010) assumes the use of high strength PT bars that develop reliable 
ductility after yielding.  Since the PT bars develop reliable ductility after yielding, the 
consequence of yielding the PT bars is a loss of some or all of the initial post-tensioning 
force.  Since the consequences of limited PT bar yielding are not significant and 
restressing the PT bars after an earthquake is not difficult, some PT bar yielding is 
allowed to occur under the DBE level earthquake.  Limited PT bar yielding satisfies the 
IO performance condition.   
The limit state of significant member yielding should not cause collapse or near-collapse 
performance.  However, failure of the SC-CBF members may lead to the onset of 
collapse and falls within the CP performance condition.   
The details of the first generation SC-CBF design procedure are documented in Roke et 
al. (2010).  The design procedure is similar to the RSA design procedure, but important 
modifications are made to address behavior unique to SC-CBFs.  The first generation SC-
CBF design procedure from Roke et al. (2010) is explained in detail here.  Much of the 
work presented in the current document requires understanding of this first generation 
design procedure.   
3.3.2 Terminology and Definitions for SC-CBFs 
In order to describe and understand the steps of the first generation SC-CBF design 
procedure several terms need to be defined and explained, as follows.  The terms defined 
in this section are used to carry out the steps of the design procedure described in the next 
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section and to understand the design and evaluation of SC-CBFs throughout this 
document. 
Several modal properties of SC-CBF structures are used in design calculations.  These 
include the modal periods (Tn), the mode shapes ({ϕn}), the modal mass (Mn), the modal 
contribution factors (Γn), the first mode static forces ({F1}), the first mode effective 
height (h1
*
), and the first mode effective modal mass (M1
*
).  Tn and {ϕn} are determined 
from an eigenvalue analysis using the mass and stiffness matrix for the SC-CBF 
structure.  The modal mass in mode n (Mn) is calculated as follows: 
    n
T
nn mM   (3.4) 
where, 
[m] = matrix of seismic masses tributary to the SC-CBF 
The modal contribution factor for mode n is calculated as: 
   
n
T
n
n
M
im
  (3.5) 
where, 
{i} = influence vector (e.g., {1 1 1 1}
T
 for a four story SC-CBF structure) 
The influence vector is typically a vector of ones for structures with only lateral dynamic 
degrees-of-freedom and horizontal ground shaking.  For the SC-CBF structures in this 
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document, the influence vector is always an N-dimensional vector of ones, where N is the 
number of stories of the SC-CBF structure. 
The first mode static forces are calculated as: 
      gmgsF 1111   (3.6) 
where, 
g = acceleration due to gravity 
The first mode effective height is calculated as: 
   
  1
1
1
1*
1
Fi
Fh
V
OM
h
T
T
b
  (3.7) 
where, 
{h} = vector of floor heights above the base of the structure 
The first mode effective modal mass is calculated as (Chopra 2007): 
    
    
    im
m
im
M
T
T
T
11
11
2
1*
1 


  (3.8) 
The total mass tributary to the SC-CBF (Mtotal) is used in some calculations.  Mtotal is 
calculated as: 
  imiM Ttotal   (3.9) 
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There are several parameters and terms which relate to the PT steel which are important 
to define.  These terms are the nominal yield force of the PT steel (PTY), the initial force 
in the PT steel (PT0), and the initial PT force ratio (rPT).  For the SC-CBFs studied in this 
document all of the PT steel is concentrated near the center of the SC-CBF; therefore, all 
of the PT steel contributes to the overturning moment resistance.  The equations given in 
this chapter assume that the PT steel is located at the center of the SC-CBF.  The initial 
force in the PT steel (PT0) is the force to which the PT steel is stressed during 
construction of the SC-CBF.  The initial PT force ratio (rPT) is calculated as: 
Y
PT
PT
PT
r 0  (3.10) 
The force demand on an SC-CBF and the strength of an SC-CBF are defined in terms of 
the overturning moment at the base of the SC-CBF.  Several definitions of the 
overturning moment at the base of the SC-CBF are used in design calculations.  These 
definitions include the required elastic overturning moment strength of the SC-CBF 
(OMelastic), the required elastic overturning moment strength of the SC-CBF modified to 
account for only the first mode mass (OMelastic,1), the first mode static overturning 
moment (OM1), the estimated peak overturning moment demand under the DBE 
(OMDBE), the overturning moment at decompression of the SC-CBF  (OMD) (defined in 
Section 2.1.3.1) and the overturning moment at which yield of the PT bars will occur 
(OMY).   
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The required elastic overturning moment strength of the SC-CBF is calculated using 
equivalent lateral forces from the ASCE 7-10 (ASCE 2010) ELF procedure with R = 1 as 
follows: 
   ELF
T
elastic FhOM   (3.11) 
where, 
{FELF} = vector of forces similar to Fx (Equation. 3.2) with the same distribution 
over the height of the structure, but corresponding to only the mass tributary 
to the SC-CBF; calculated using the ASCE 7-10 (ASCE 2010) ELF procedure 
with R = 1 
OMelastic,1 is similar to OMelastic but is modified by the ratio of the first mode mass to the 
total mass. OMelastic,1 is calculated as: 
elastic
total
*
,elastic OM
M
M
OM  11  (3.12) 
Both OMelastic and OMelastic,1 are used in the calculation of response modification 
coefficients, as discussed later. 
The first mode static overturning moment (OM1) is calculated as: 
   11 FhOM
T
  (3.13) 
The estimated peak overturning moment demand under the DBE (OMDBE) is defined later 
after several other parameters necessary for calculating OMDBE are defined. 
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As lateral forces are applied to the SC-CBF, the SC-CBF deforms elastically, similar to a 
conventional CBF.  However, as the lateral forces increase, the column of the SC-CBF 
which is under tension force due to the base overturning moment, will overcome the pre-
compression due to the PT force (and gravity loads) and will uplift.  The overturning 
moment at this point of decompression or uplift is defined as OMD.  For SC-CBFs with 
lateral load bearings, OMD is calculated assuming a lateral force profile proportional to 
the first mode.  For SC-CBFs without lateral load bearings with friction, OMD is not 
dependent on the lateral force profile.  The forces at OMD acting on a 4-story SC-CBF 
with lateral load bearings and supplemental constant force energy dissipation devices at 
the first story SC-CBF column lines are shown in Figure 3.3.  In Figure 3.3, FD,x is the 
lateral force at decompression applied at floor x, FED,x is the vertical energy dissipation 
force from friction in the lateral load bearings at floor x, VED is the force developed in the 
supplemental constant force energy dissipation devices, Vb is the horizontal reaction force 
of the column in contact with the foundation, FCon is the vertical reaction force of the 
column in contact with the foundation, and the other parameters are as described below 
or defined previously.  For SC-CBFs with lateral load bearings with friction and with 
supplemental constant force energy dissipation devices at the first story SC-CBF column 
lines, OMD is calculated as follows: 
 






1
2
0 CBFSCED
CBFSC
CBFSC
D
bV
b
WPT
OM  (3.14) 
where, 
65 
 
*
1h
bED   (3.15) 
WSC-CBF = weight of the SC-CBF 
bSC-CBF = centerline distance between SC-CBF columns 
bED = bSC-CBF  + centerline distance between SC-CBF column and adjacent gravity 
column 
μ = coefficient of friction in the lateral load bearings 
 
The overturning moment resistance at yield of the PT steel is OMY.  For SC-CBFs with 
lateral load bearings with friction, OMY is calculated assuming a lateral force profile 
proportional to the first mode.  For SC-CBFs without lateral load bearings with friction, 
OMY is not dependent on the lateral force profile.   
The forces at OMY acting on a 4-story SC-CBF with lateral load bearings with friction 
and with supplemental constant force energy dissipation devices at the first story SC-CBF 
column lines are shown in Figure 3.4.  In Figure 3.4, FY,x is the lateral force at PT steel 
yield applied at floor x, and the other symbols are as defined previously.  For SC-CBFs 
with lateral load bearings with friction and with supplemental constant force energy 
dissipation devices at the first story SC-CBF column lines, OMY is calculated as follows: 
 






1
2
CBFSCED
CBFSC
CBFSCY
Y
bV
b
WPT
OM  (3.16) 
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For some comparisons later in this document is useful to calculate the overturning 
moment at yield of the PT steel, while considering second order effects (OMY2).  OMY2 is 
not used in first generation design procedure of Roke et al. (2010), but is calculated as 
follows: 
   





 
1
2 1
,
2
n
iCBFSCiYCBFSCED
CBFSC
CBFSCY
Y
hGLbV
b
WPT
OM (3.17) 
where,  
GLi = the gravity load braced by the SC-CBF at floor level i; 
 hSC-CBF,i = the height of the SC-CBF at floor level i; 
 n = the total number of floors for the SC-CBF; 
 θY =the roof drift at yield of the PT steel. 
It is assumed in the calculation of OMY2 that the drift over the height of the SC-CBF is 
uniform (i.e., the SC-CBF is rocking as a rigid body). 
Several response modification coefficients are used for the design of SC-CBFs and for 
the comparison of SC-CBFs with conventional CBFs.  The response modification 
coefficient from current building code provisions, R, (ASCE 7-10 (ASCE 2010)) was 
discussed briefly in Section 3.2.  Special concentrically braced frames have an R value of 
6 (ASCE 2010).  RA is a calculated response modification coefficient for SC-CBFs that is 
used to compare with R for conventional CBFs.  RA is calculated as follows: 
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D
elastic
A
OM
OM
R   (3.18) 
RA,D is used in calculation of peak lateral drift demands and is similar to RA, but is 
modified to account for only the first mode mass.  RA,D is calculated as: 
D
elastic
DA
OM
OM
R
1,
,   (3.19) 
The energy dissipated by the SC-CBF system, βE, is quantified relative to the energy 
dissipated by a conventional bilinear elastic-plastic hysteretic system.  βE is shown 
schematically in Figure 3.5 for an SC-CBF with lateral load bearings with friction.  For 
SC-CBFs with lateral load bearings with friction and with supplemental constant force 
energy dissipation devices at the first story SC-CBF column lines, βE is calculated as:  
D
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
  (3.20) 
where, 
DY
DDBE
OMOM
OMOM


  (3.21) 
OMDBE is defined later. 
Another important parameter related to βE is used to quantify the self-centering of the 
SC-CBF system.  This parameter is βSC.  If βSC is greater than 0.50, the idealized 
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hysteresis loop for an SC-CBF (see Figure 3.5) will pass through the second and fourth 
quadrant, and therefore the SC-CBF will not self-center.  βSC is the calculated as follows: 
D
DED
SC
OM
OM ,
  (3.22) 
where, for the SC-CBFs studied in this document: 
CBFSCEDDDED bVOMOM ,  (3.23) 
Several lateral drift calculations are performed when designing SC-CBFs.  As shown in 
Figure 3.2, SC-CBFs are designed so PTY is not reached under the median peak roof drift 
demand for the DBE (θDBE,m).  The roof drift design demand (θDBE,dd) is calculated and 
used to estimate θDBE,m.  To design the SC-CBF so that PTY is not reached under a roof 
drift demand larger than θDBE,m, then θDBE,dd can be factored to determine a factored roof 
drift design demand (θDBE,fdd).  The roof drift capacity at nominal yield of the PT steel 
(θY,n) is used to quantify the roof drift when PTY is reached. 
The lateral roof drift design demand under the DBE (θDBE,dd) is calculated as follows: 
DDBEddDBE  ,  (3.24) 
where, 
)( 1Tp
DBE R  (3.25) 
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 21 kbac   (3.27) 
 22 kdcc   (3.28) 
and  k is the ratio of the post-decompression stiffness of the SC-CBF to the stiffness of 
the SC-CBF before decompression.  RA,D is used for R in Equation 3.25.  The expression 
for μDBE (Equation 3.25) was developed by Seo (2005).  The coefficients a, b, c, and d are 
regression coefficients that are dependent on site class and βE (Seo 2005).  The values for 
a, b, c, and d for Site Class C and D are shown in Table 3.1.   k is calculated as follows: 
elastic
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k
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(3.29) 
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























 
1
1
2
2
CBFSC
PT
PTPT
pd
b
L
EA
k  (3.30) 
 APT = the total area of the PT steel 
 EPT = the modulus of elasticity for the PT steel 
 LPT = the length of the PT steel 
D
D
elastic
OM
k

  (3.31) 
The lateral roof drift at decompression (θD) is calculated as follows: 
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CBFSC
D
D
h 


 
(3.32) 
where, 
ΔD = the lateral roof displacement of the SC-CBF when subjected to the following 
forces: {FD} =  D1∙{F1}, PT0, WSC-CBF, and FED,x and VED (as appropriate).   
hSC-CBF = the height of the SC-CBF 
1
1
OM
OM D
D   (3.33) 
To illustrate the calculation of ΔD, the forces acting on a 4-story SC-CBF with lateral load 
bearings with friction and with supplemental constant force energy dissipation devices at 
the first story SC-CBF column lines are shown in Figure 3.3.  ΔD is calculated from a 
linear elastic analysis model of the SC-CBF including second order effects. 
θDBE,dd is an estimate of the median peak roof drift demand under the DBE (θDBE,m) 
assuming zero bias (Roke et al. 2010).  Therefore, the probability of the peak roof drift 
demand under a DBE (θr,Peak) exceeding θDBE,dd is 50%.  Roke et al. (2010) introduced the 
factor γθ to permit the probability of θr,Peak exceeding θDBE,dd to be adjusted (reduced).  
The factored value of θDBE,dd is labeled θDBE,fdd and is expressed as: 
ddDBEfddDBE ,,     (3.34) 
γθ is anticipated to be greater than or equal to 1.0.  In the present research, the intended 
probability of exceedance (POE) of θDBE,dd under the DBE is 50%, therefore,  γθ = 1.0.   
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The roof drift capacity at nominal yield of the PT steel (θY,n) is calculated as: 
DYn,Y    (3.35) 
where, 
k
kY
Y



1
  (3.36) 
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  (3.37) 
The peak overturning moment under the DBE (OMDBE) is defined as: 
  DDddDBEkDBE OMCOM    ,  (3.38) 
where, Cξ is defined and discussed in Section 3.3.5.  For the present discussion, Cξ can be 
assumed to equal 1.0.  OMDBE is used in the calculation of βE. 
The lateral forces for the first mode ({FM,1}) are calculated as follows: 
       1,1,11, YnnYM msF    (3.39) 
where, 
g
OM
OMY
Y 
1
1,  (3.40) 
 Y,1 is the first mode design spectral pseudo acceleration that limits the base overturning 
moment that develops in the first mode to the yield overturning moment (OMY). 
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The lateral forces for the modes higher than the first mode ({FM,n}) are calculated as 
follows: 
       nDSnnnDSnnM SAmSAsF ,,,   (3.41) 
where, 
SADS,n = design spectral acceleration from elastic design spectrum at period Tn 
In the Roke et al. (2010) first generationdesign procedure, {FM,1} = {FY}, PTY, WSC-CBF, 
and FED,x and VED (as appropriate) are applied to a linear elastic analysis model of the SC-
CBF to determine the internal modal member design forces for the first mode (F1,x,dd).  
To illustrate the forces acting on the SC-CBF in the analysis of F1,x,dd , the forces applied 
to the linear elastic analysis model are shown in Figure 3.4 for a 4-story SC-CBF with 
lateral load bearings with friction and with supplemental constant force energy 
dissipation devices at the first story SC-CBF column lines. 
In the Roke et al. (2010) first generation design procedure, {FM,n}is applied to the linear 
elastic analysis model without the other forces to determine the internal modal member 
design forces for the higher modes (Fn,x,dd). 
Roke et al. (2010) intended that the combined internal modal member force design 
demands for the DBE should have a low probability of exceedance (POE) so that the 
member yielding limit state could be avoided under the DBE as shown in Figure 3.2.  
Based on studies of time-history data, Roke et al. (2010) developed modal load factors 
(γn) for each mode with the intent that the combined modal member force design 
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demands would have around 5% POE under the DBE.  The values of γn selected by Roke 
et al. (2010) are 1.15 for the first mode and 2.0 for all other modes.  γn can either be 
applied to  Y,1 and SADS,n or to F1,x,dd and Fn,x,dd, but not both. 
In the present work, the factored internal modal member force design demands (Fn,x,fdd) 
are calculated as: 
ddxnnfddxn FF ,,,,    (3.42) 
where, n denotes the mode and x denotes the story. 
Fn,x,fdd are combined to give the total factored member force design demands (Fx,fdd) using 
the CQC modal combination method (Chopra 2007) with a special set of modal 
correlation coefficients developed by Roke et al. (2010).  In equation form, the CQC 
modal combination method is expressed as: 
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n
niindesign rrr   (3.43) 
where, 
ri0 = the peak response of quantity r in mode i 
rn0 = the peak response of quantity r in mode n 
ρin = correlation coefficient between modes i and n 
N = number of modes being combined 
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As part of the effort to ensure that Fx,fdd had a low probability of exceedance under the 
DBE, Roke et al. (2010) studied the correlation between modal responses and showed 
that the correlation coefficients could be much higher than by Der Kiureghian (1981).  
Therefore, Roke et al. (2010) proposed the following set of cross-modal correlation 
coefficients: 

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  (3.44) 
3.3.3 Steps of Roke et al. (2010) Design Procedure 
The first generation SC-CBF design procedure by Roke et al. (2010) is iterative with the 
following steps.  Note that these steps are for SC-CBF configurations that have gravity 
columns adjacent to the SC-CBF columns, and have lateral load bearings with friction 
between the gravity columns and SC-CBF columns.  If any supplemental energy 
dissipation is needed, it is assumed to be from constant force energy dissipation devices 
(e.g. friction dampers) added between the first floor and the base of the SC-CBF along 
the SC-CBF column lines.   
1. The member sizes, the number and area of PT bars, rPT, μ for the lateral load 
bearings, and VED (if used) are selected.   
2. The modal properties of the SC-CBF (M1, Mtotal, Γn, Tn, ϕn) are determined from a 
fixed base linear elastic analysis model of the SC-CBF.   
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3. The overturning moment at decompression (OMD) and lateral roof drift at 
decompression (θD) are determined.   
4. The overturning moment at PT bar yield (OMY) is determined.   
5. The design response modification coefficients are calculated (RA, RA,D).  
6. The first mode design spectral pseudo-acceleration ( Y,1) is determined and design 
spectral accelerations for the higher modes (SADS,n) are determined.   
7. The modal member force design demands (Fn,x,dd) are determined by using the 
modal properties with  Y,1 and SADS,n to calculate the lateral forces for each mode 
({FM,n}).  {FM,1}, PTY, WSC-CBF, and FED,x and VED (as appropriate) are applied to a 
fixed base linear elastic analysis model to determine F1,x,dd.  {FM,n} is applied to a 
fixed base linear elastic analysis model to determine Fn,x,dd for the higher modes. 
8. The factored member force design demands (Fn,x,fdd) for each mode are 
determined by applying modal load factors (γn) to Fn,x,dd.   
9. The total factored member force design demands (Fx,fdd) are determined by 
combining Fn,x,fdd using the CQC method (Chopra 2007) with the Roke et al. 
(2010) correlation coefficients (Equation 3.44).  
10. The initial value of the energy dissipation ratio (βE) needed to estimate the peak 
lateral roof drift under the DBE (θDBE,dd) is calculated assuming that the estimated 
peak overturning moment under the DBE (OMDBE) is equal to OMY.  βSC is 
calculated to check if the SC-CBF will self-center. 
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11. The ratio of the post-decompression stiffness of the SC-CBF to the stiffness of the 
SC-CBF before decompression ( k) is calculated.  The estimated ductility demand 
under the DBE (μDBE) is calculated using the Seo (2005) μ-R-T relationships.  The 
lateral roof drift at decompression (θD) is calculated.  The initial value for the 
estimated peak lateral roof drift design demand under the DBE (θDBE,dd) is 
calculated. 
12. The estimated peak overturning moment under the DBE (OMDBE) is calculated 
using θDBE,dd.  
13. Steps 10-12 are iterated using OMDBE calculated using θDBE,dd to calculate βE until 
the change in θDBE,dd between successive iterations becomes small. 
14. The factored estimated peak lateral roof drift design demand under the DBE 
(θDBE,fdd) is calculated using the final value of θDBE,dd from Step 13.  The lateral 
roof drift capacity at PT bar yielding (θY,n) is calculated.  θDBE,fdd should not be 
greater than θY,n, otherwise, the design is inadequate. 
15. The design parameters (βSC, PT bar yielding, member strength) are checked to see 
if they are adequate or if additional iterations of Steps 1 through 14 are needed.  
These additional iterations would change the member sizes, number and area of 
PT bars, the rPT or the amount of energy dissipation until all design criteria are 
met. 
3.3.4 Modifications to Roke et al. (2010) First Generation Design Procedure 
Several modifications were made to the Roke et al. (2010) first generation design 
procedure for the design of the SC-CBFs described in Chapter 4 of this document.  The 
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first modification is an upper limit on θDBE,fdd.  θDBE,fdd was limited to 1.5% radians for all 
but one archetype SC-CBF.  ASCE 7-10 (ASCE 2010) allows a story drift of up to 2% 
radians for steel braced frame structures when no special consideration has been given to 
the design or detailing of nonstructural components for drifts.  These drift limits “provide 
indirect control of structural performance” for conventional structures by limiting the 
inelastic strain and preventing structural instability (BSSC 2009).  In the present work, 
the lateral roof drift was limited to 1.5% radians to enable the achievement of IO 
performance condition under the DBE.  To achieve an IO performance condition, 
controlling the SC-CBF limit states as shown in Figure 3.2, is necessary, but not 
sufficient.  To achieve an IO performance condition, the building envelope should be 
largely intact, the plumbing and fire suppression systems should be functional, and the 
elevators should be operable.  It is envisioned that designing for a stricter drift limit will 
enable nonstructural systems (building glazing systems, piping systems, elevators, etc.) to 
be designed and detailed to survive the DBE level drift without serious damage. 
The second modification to the Roke et al. (2010) first generation design procedure is the 
definition of the response modification coefficient (“R”) factor and first mode period (T1) 
used to calculate μDBE.  Roke et al. (2010) used the factor RA,D when calculating μDBE.  A 
new “R” factor is introduced here, called RA,D-Drift, which is introduced to achieve more 
accurate estimates of μDBE and θDBE,dd.  RA,D is calculated using OMelastic,1, which is based 
on the ASCE 7-10 (ASCE 2010) ELF procedure (see Equation 3.19).  RA,D-Drift is 
calculated using lateral forces from this ELF procedure, but ignoring the limitation on the 
fundamental period in ASCE 7-10 and using a better estimate of the first mode period 
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calculated from a linear elastic analysis model with second order effects (T1,Def) to 
calculate CS. This new set of lateral forces is denoted as {FELF,mod}.  RA,D-Drift is calculated 
as: 
D
driftelastic
total
DriftDA
OM
OM
M
M
R
,
*
1
,   (3.45) 
where,  
OMelastic,drift = overturning moment calculated using {FELF,mod}. 
A third modification to the Roke et al. (2010) first generation design procedure for SC-
CBFs is that RA is not limited to 10.  Roke et al. (2010) limited RA to 10 by assuming that 
the response modification coefficient for a conventional system would be about 8 and 
that OMD would occur at about 80% of OMELF.  Since SC-CBFs can achieve very large 
ductility capacity without damage, this limit on RA is not necessary and was not used. 
3.3.5 Inherent Modal Damping Other Than 5%  
In the seismic design of structures using ASCE 7-10 (ASCE 2010) the modal damping 
ratio (ξn) used to determine the design spectrum is 5%.  However, actual structures may 
have ξn which is significantly different than 5%.  The difference between the actual ξn 
and the value of ξn used to determine the design spectrum is generally neglected in 
design, but if the engineer wishes to account for the expected ξn then a damping 
correction factor (Cξ) may be used to adjust the design calculations. 
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Cξ used in this research is from Newmark and Hall (1982).  See Lin et al. (2005) for a 
discussion of various Cξ.  The calculation of Cξ (Newmark and Hall 1982) is: 
 nAC  ln*321.0514.1,   (3.46) 
 nVC  ln*248.0400.1,   (3.47) 
 nDC  ln*194.0309.1,   (3.48) 
For the constant acceleration region of the design spectrum, Cξ is equal to Cξ,A; for the 
constant velocity region of the design spectrum, Cξ is equal to Cξ,V; and for the constant 
displacement region of the design spectrum, Cξ is equal to Cξ,D.   
Cξ is not used when determining Fn,x,dd.  Adjustment for damping when calculating Fn,x,dd 
is discussed later in Section 8.1.   
In this research, Cξ is multiplied with θDBE,dd to make better estimates of θDBE,m.  An 
engineering design office is not likely to account for modal damping ratios different from 
5% assumed by ASCE 7-10 (ASCE 2010) in the design of structures, therefore, 
multiplication of Cξ and θDBE,dd is acceptable (instead of adjusting the design spectrum 
when calculating θDBE,dd), in this research to compare design drift predictions with time-
history drift data.   
3.3.6 Potential Issues with Roke et al. (2010) First Generation Design Procedure 
The Roke et al. (2010) first generation design procedure is a modified RSA design 
procedure that accounts for differences in behavior between an SC-CBF and a CBF.  The 
80 
 
Roke et al. (2010) design procedure uses a performance-based approach to control the 
occurrence of limit states to achieve the IO performance condition under the DBE and CP 
performance condition under the MCE.  The first generation design procedure was 
developed by Roke et al. (2010) based on studies of 6-story SC-CBFs.  This limited study 
of SC-CBFs means that the design procedure may not be appropriate for taller SC-CBFs.   
Some specific questions regarding the Roke et al. (2010) first generation design 
procedure that are addressed in the present work are: 
a) Are the modal combination procedure and the modal correlation coefficients (ρin) 
suggested by Roke et al. (2010) acceptable for estimating peak member force 
demands for SC-CBFs over a range of SC-CBF heights? 
b) Are the modal load factors (γn) proposed by Roke et al. (2010) reasonable over a 
range of SC-CBF heights? 
c) Does the Roke et al. (2010) design procedure adequately estimate the peak lateral 
drift demands under the DBE over a range of SC-CBF heights?  If not, then what 
changes should be made to the lateral drift demand estimation procedure? 
These issues with the Roke et al. (2010) design procedure for SC-CBFs are addressed in 
the remaining chapters of this document. 
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Table 3.1 – Regression coefficients a, b, c, and d for Equations 3.15 and 3.16 (Seo 2005) 
 
Site 
Class 
βE 
(%) 
a b c d 
C 
0 0.636 0.306 0.713 0.111 
12.5 0.569 0.264 0.769 0.115 
25 0.515 0.222 0.816 0.113 
100 0.412 0.498 0.904 -0.415 
D 
0 0.729 0.399 0.624 0.0657 
12.5 0.657 0.327 0.678 0.0756 
25 0.597 0.288 0.728 0.0677 
100 0.457 0.500 0.872 -0.305 
 
 
Figure 3.1 – Graphical representation of seismic design parameters for conventional 
concentrically braced frames (from BSSC 2009) 
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Figure 3.2 – Graphical representation of SC-CBF limit states, performance-based design 
performance conditions, and seismic intensity levels (adapted from Roke et al. 2010) 
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Figure 3.3 – Free-body diagram of a 4-story SC-CBF at decompression (adapted from 
Roke et al. 2010) 
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Figure 3.4 – Free-body diagram of a 4-story SC-CBF at PT steel yield (adapted from 
Roke et al. 2010) 
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Figure 3.5 – Schematic base overturning moment versus roof drift hysteresis loops for an 
SC-CBF with lateral load bearings with friction (Loop 1) and an equivalent bilinear 
elastic-plastic system (Loop 2).  Also shown is a graphical demonstration of the 
definition of the energy dissipation ratio (βE) (adapted from Chancellor et al. 2013). 
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CHAPTER 4 
DESIGN OF ARCHETYPE SC-CBF STRUCTURES USING ROKE ET AL. 
(2010) FIRST GENERATION DESIGN METHOD 
 
Roke et al. (2010) developed a first generation performance-based design procedure for 
SC-CBFs.  To evaluate the effectiveness of the Roke et al. (2010) first generation design 
procedure in estimating peak member forces and peak drifts for SC-CBF structures of 
varying heights, multiple archetype SC-CBFs were designed using the Roke et al. (2010) 
first generation design procedure.  The SC-CBFs were designed for buildings with a 
range of heights (number of stories). Variations in the type of energy dissipation device 
and other details were considered.  This chapter describes the design scenario for each 
archetype SC-CBF structure, presents the plan and elevation layouts of the SC-CBF 
structures, gives the loads used (gravity and seismic) in the design of the SC-CBF 
structures, and summarizes key parameters from the design of each archetype SC-CBF 
structure.   
4.1 Design Scenario for Archetype Structures 
The archetype structures designed for this study were assumed to be office buildings 
located in Southern California.  Office buildings have an importance factor of 1.0 in 
current earthquake design provisions (ASCE 2010).  Southern California is a region of 
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high seismicity and therefore, is a good choice for this design study.  The site chosen for 
the archetype structures is located in Orange County near Anaheim.  The geographic 
coordinates of the site are 33.821
◦
N and 117.818
◦
W.  The soil condition is NEHRP Type 
D soil (PEER 2011b), which makes the ASCE 7-10 (ASCE 2010) site classification Site 
Class D.  Additional information about this site is found in Chapter 5. 
4.2 Plan Layout for Archetype Structures 
All of the archetype structures considered in this document have the same floor plan.  The 
floor plan (shown in Figure 4.1) has 6 bays in both length and width.  Each bay is 30 ft 
wide.  Eight SC-CBFs are located on the perimeter of the structure such that the SC-
CBFs are not in adjacent bays.  The floor plan is symmetric in two orthogonal directions 
reducing the number of SC-CBFs that must be considered in these research studies.  
Owing to the symmetry, only one SC-CBF was designed for each archetype structure. 
4.3 Elevation Layout for Archetype Structures  
Two elevation layouts were used for the archetype SC-CBFs.  The first layout uses lateral 
load bearings (see Section 2.1.3.1 for information on lateral load bearings), so the lateral 
forces are transferred from the floor diaphragm system to the SC-CBF.  In the second 
layout, the gravity beams acting as diaphragm collector elements are attached directly to 
the SC-CBF columns.   
The elevation layout for an archetype SC-CBF using lateral load bearings is shown in 
Figure 4.2.  The centerline column-to-column width of the SC-CBF is 25 ft.  The SC-
CBFs for this layout have an x-bracing configuration.  This configuration is different 
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from the chevron bracing configuration used by Roke et al. (2010).  The x-bracing 
configuration is used so that the floor beams do not need to be designed for the 
unbalanced vertical load on a floor beam after one brace in a story buckles (AISC 2005a). 
As shown in Figure 4.2, a gravity column is located adjacent to each SC-CBF column.  
The distance from the centerline of the SC-CBF column to the centerline of the adjacent 
gravity column is 2.5 ft.  A lateral load bearing is located at each floor between the SC-
CBF column and the gravity column.  High ductility post-tensioning (PT) bars run 
vertically over the height of the SC-CBF. 
A distribution strut is located at the center of the bay and in the top story for SC-CBFs 
with an even number of stories and in the top two stories for SC-CBFs with an odd 
number of stories.  The distribution strut transfers the large concentrated force from the 
PT bars to the braces in several upper stories.  The distribution strut configurations are 
shown schematically in Figure 4.3.  A horizontal “base” strut is located at the bottom of 
the SC-CBF between the SC-CBF columns bases.  This strut transfers the base shear 
from the uplifted SC-CBF column to the SC-CBF column in contact with the foundation.   
The second elevation layout for the archetype SC-CBF designs is shown in Figure 4.4.  
This layout also has an x-bracing configuration.  The SC-CBF in this layout has 30 ft 
centerline column-to-column widths.  The primary gravity beams attach to the SC-CBF 
columns in two directions at each floor and there is a secondary gravity beam (not shown 
in Figure 4.4) located near the SC-CBF beam so that the gravity load on the SC-CBF 
beam is small.  Since the gravity load on the SC-CBF beams is small, it was neglected in 
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design of the SC-CBFs.  In some cases, a distribution strut is used in the top one or two 
stories to transfer concentrated PT bar forces to the SC-CBF braces in several upper 
stories.  A horizontal base strut located at the bottom of the SC-CBF between the base of 
the SC-CBF columns transfers base shear from the uplifted column to the column in 
contact with the foundation.   
4.4 Loads for Archetype Structures  
4.4.1 Gravity Loads 
The gravity loads per floor are the same for all the archetype structures (Table 4.1).  The 
metal floor slab deck and metal roof deck have a weight of 3 psf.  The weight of the 
concrete floor slab is assumed to be 43 psf and the weight of the roofing material is 
assumed to be 10 psf.  The mechanical weight for the roof is 25 psf.  The mechanical 
weight for all other floors is 10psf.  The ceiling material is 5 psf for all of the floors and 
roof.  The floor finish material for all floors (except the roof) is 2 psf.  The structural steel 
weight per unit floor area is assumed to be 15 psf for the floors and 10 psf for the roof.  
The structural steel weight does not include the weight of the SC-CBFs.  The fireproofing 
of the structural steel per unit floor area is assumed to be 2 psf for all floors and for the 
roof.   
The building cladding weight per unit wall area is assumed to be 25 psf.  A 3 ft parapet 
above the roof level is assumed.  Given the plan layout of 6 bays by 6 bays with 30 ft 
bays and story heights of 15 ft for the first story and 13 ft for the remaining stories, the 
weight of the building cladding is converted to an equivalent unit floor area weight.  The 
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equivalent weight of the building cladding for the first floor is 7.8 psf.  For intermediate 
floors the equivalent building cladding unit weight is 7.2 psf and for the roof the 
equivalent building cladding unit weight is 5.3 psf. 
The gravity loads mentioned in the previous paragraph are considered to be “dead” loads.  
The “live” loads for the archetype structures are summarized in Table 4.2.The live loads 
for the archetype structures are broken into three categories: (1) office live loads, (2) 
interior partition loads, and (3) roof live load.  The office live load per unit floor area of 
50 psf is applied to all floors, except the roof.  The interior partition load of 15 psf is 
applied to all floors, except the roof.  The unreduced roof live load per unit area is 20 psf.     
4.4.2 Seismic Loads 
A design acceleration spectrum (SADS) is necessary to calculate seismic design loads.  
SADS is typically defined assuming a damping ratio of 5%.  Two parameters used to 
define the 5% damped SADS (according to ASCE 7-10 (ASCE 2010)) are the spectral 
acceleration (SA) at a period of 0.2 seconds (SS) and SA at period of 1.0 seconds (S1).  
These site specific parameters (SS and S1) are typically determined from standard maps 
(ASCE 2010) or from a set of internet tools provided by the United States Geological 
Survey (USGS).  However, for the archetype structures in this document SS and S1 are 
specified as 1.5g and 0.6g, respectively.  The reason these parameters are specified 
instead of taken from standard maps is explained further in Section 6.1.1.1.  Another 
parameter used to define SADS is the site class.  The site class for the building site used in 
this study is Site Class D.  The final parameter used to define the design spectrum is the 
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long-period transition period (TL) (ASCE 2010).  This value was determined from site 
maps in ASCE 7-10 (ASCE 2010) to be 8 seconds.  SADS for the design basis earthquake 
(DBE) defined using these parameters is shown in Figure 4.5.  The seismic design 
category used in this study is Seismic Design Category D (ASCE 2010).  
The seismic mass of the structure is needed to determine the seismic design forces on the 
archetype structures.  According to ASCE 7-10 (ASCE 2010), the seismic mass for a 
non-storage office building includes the mass associated with the dead loads and the mass 
associated with the actual partition weight or 10 psf per unit floor area, whichever is 
greater.  Since the partition weight was assumed to be 15 psf per unit floor area for the 
archetype structures, the mass associated with the 15 psf partition weight was included in 
the seismic mass.  The total seismic mass per floor was divided by four to determine the 
seismic mass tributary to each SC-CBF in each direction of the floor plan..  The seismic 
mass tributary to each SC-CBF at each floor is summarized in Table 4.3. 
4.4.3 Wind Loads and Other Lateral Loads 
Since the purpose of this study is to evaluate the seismic performance of SC-CBFs, wind 
loads and other lateral loading conditions were not considered in the design of the SC-
CBF archetype structures.   
4.5 Archetype Structure Designs 
The archetype SC-CBF structures in this document were designed using a linear elastic 
analysis model.  A schematic of a typical linear elastic analysis model used for design of 
the archetype SC-CBFs is shown in Figure 4.6.  The SC-CBF column bases and member 
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connections were rigid (fixed) connections in this linear elastic analysis model (used for 
design).   
In this model, all gravity columns tributary to the SC-CBF, including the gravity columns 
adjacent to the SC-CBF columns for the archetypes with lateral load bearings, are lumped 
together as one lean-on column in the linear elastic analysis model.  If a gravity column is 
tributary to more than one SC-CBF, its stiffness properties are proportioned to each SC-
CBF when determining the stiffness properties of the lean-on column.  Half of the gravity 
columns, excluding the gravity columns adjacent to the SC-CBF columns for SC-CBFs 
with lateral load bearings, are assumed to be in the strong axis bending direction and the 
other half of the gravity column are assumed to be in the weak axis bending direction.  
The gravity columns adjacent to the SC-CBF columns for SC-CBFs with lateral load 
bearings are assumed to be in strong axis bending.  
All gravity columns are wide flange shapes and have identical properties for each floor.  
All gravity columns in each story were designed for factored gravity loads (1.2∙Dead 
Load + 1.6∙Live Load) with a tributary area of 900 ft2.  Live load reduction factors were 
used for the design of the gravity columns as allowed by ASCE 7-10 (ASCE 2010).  The 
effective length factor (k) was assumed to be one.   
For SC-CBFs designed without lateral load bearings, some gravity load is applied directly 
on the SC-CBF columns.  The factored gravity loads specified by ASCE 7-10 (ASCE 
2010) in the seismic load combinations were used for the design of these SC-CBF 
columns. 
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The base strut is not included in the linear elastic analysis model.  The base strut is, 
however, designed for a concentric axial load equal to 50% of the base shear with k = 1.  
Second order effects (both global and local) were considered directly in the linear elastic 
analysis model.  Gravity loads braced by a single SC-CBF were put onto the lean-on 
column of the model and when appropriate, onto the SC-CBF columns.  Notional loads 
(AISC 2005b) were not used. 
The archetype SC-CBF structures described in this chapter are intended to evaluate the 
first generation design procedure developed by Roke et al. (2010).  The design of the 
gravity framing (other than the gravity columns) is not important for this evaluation, and 
therefore is not included here.  There is some discussion of the gravity beams for the SC-
CBFs without lateral load bearings later in Chapter 7.   
All of the SC-CBF members are designed using wide flange shapes listed in the 13
th
 
edition of the AISC Steel Construction Manual (AISC 2005c) that meet the seismic 
compactness requirements of ANSI/AISC 341-05 (AISC 2005a).  The SC-CBF member 
capacities were checked using the interaction criteria in Chapter H of ANSI/AISC 360-05 
(AISC 2005b). 
The properties of materials used in the design of the archetype SC-CBFs are summarized 
in Table 4.4.  The design steel yield strength for the SC-CBF members was 50 ksi, the 
modulus of elasticity was 29000 ksi and the Poisson ratio was assumed to be 0.3.  The 
material and anchorage system for the post-tensioning (PT) bars used in the SC-CBF 
designs was assumed to have significant ductility capacity (8% strain before fracture).  
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The design yield strength for the PT steel was 120 ksi, the modulus of elasticity was 
29700 ksi, and the Poisson ratio was assumed to be 0.3. 
The PT bars used in the design of the archetype SC-CBFs are available in discrete bar 
areas (Dwyidag 2014).  The discrete bar areas considered for the design of archetype SC-
CBFs are given in Table 4.5.  The PT bars run vertically over the entire height of the SC-
CBF and extend an additional 36 in past the SC-CBF to account for free length in the 
anchorage at the top of the SC-CBF and in the connection to the foundation.  
Eighteen archetype SC-CBF structures were designed.  Six of the archetype SC-CBFs 
were designed with energy dissipation coming solely from lateral load bearings with 
friction.  These archetype SC-CBFs are 4, 6, 9, 12, 15, and 18-stories in height and are 
denoted as the “4-story” archetype SC-CBF, the “6-story” archetype SC-CBF, etc., 
throughout this document.  If these archetypes are referred to as a group, then they are 
denoted the #-story archetypes, where # indicates the number of stories. 
Five archetype SC-CBFs were designed with lateral load bearings with friction plus 
supplemental energy dissipation devices.  The supplemental energy dissipation devices 
were assumed to be constant force energy dissipation devices (e.g., friction damper type 
devices) located between the first floor and the base of the SC-CBF at each SC-CBF 
column.  The archetypes with supplemental energy dissipation devices were 6, 9, 12, 15, 
and 18 stories in height and are denoted as the “6E-story” archetype SC-CBF, the “9E-
story” archetype SC-CBF, etc. throughout this document.  If these archetypes are referred 
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to as a group, then they are denoted the #E-story archetypes, where # indicates the 
number of stories. 
A 9-story SC-CBF was designed with lateral load bearings, but assuming that the 
bearings were frictionless.  For this archetype SC-CBF, energy dissipation came only 
from the supplemental energy dissipation devices located between the first floor and the 
base of the SC-CBF along each SC-CBF column.  The additional energy dissipation 
devices were assumed to be constant force energy dissipation devices (e.g., friction 
damper type devices) in design.  This 9-story SC-CBF is denoted as the “9EO-story” 
archetype SC-CBF in this document.  If this archetype is referred to as a generic type, 
then it is denoted as the #EO-story archetypes, where # indicates the number of stories. 
Six archetype SC-CBFs were designed without lateral load bearings.  In these designs, 
the primary gravity beams are assumed to attach directly to the SC-CBF columns.  
Therefore, the SC-CBF columns for these archetypes will carry gravity load, unlike the 
archetype SC-CBFs with lateral load bearings.  Energy dissipation for the archetype SC-
CBFs without lateral load bearings comes from supplemental energy dissipation devices 
located between the first floor and the base of the SC-CBF along each SC-CBF column.  
These devices were assumed to be constant force energy dissipation devices (e.g., friction 
damper type devices).  The archetypes without lateral load bearings and with 
supplemental energy dissipation were 4, 6, 9, 12, 15, and 18 stories in height and are 
denoted as the “4EO-GL-story” archetype SC-CBF, the “6EO-GL-story” archetype SC-
CBF, etc. throughout this document.  If these archetypes are referred to as a group then 
they are denoted the #EO-GL-story archetypes, where # indicates the number of stories. 
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The member sizes for the archetype SC-CBF structures are shown in Tables 4.6 through 
4.23.  The maximum member design utilization (design demand/capacity) ratio for each 
member, calculated using the design demands from the Roke et al. (2010) first generation 
design procedure, is shown in Tables 4.24 through 4.41.  For all SC-CBFs except the 15, 
18, 18E, and 18EO-GL archetype SC-CBFs the member design utilization ratios are less 
than or equal to 1.0.  The 15, 18, 18E, and 18EO-GL-story archetype SC-CBFs have 
some columns and distribution strut members that exceed a utilization ratio of 1.0.  
Utilizations ratios greater than 1.0 were allowed for some members of these archetype 
SC-CBFs because the heaviest wide flange shape typically used for columns (W14x730) 
was used, and the capacity of this member size was exceeded.  Initially, for the purposes 
of this present study, a utilization ratio greater than 1.0 was considered acceptable 
(though not desirable), because the Roke et al. (2010) first generation design procedure 
intends for the SC-CBF members to remain nominally elastic under the DBE, and the 
members are modeled as elastic in the nonlinear numerical simulation model.  A member 
design utilization ratio greater than 1.0 would not be acceptable if the design was to be 
constructed.  This issue will be addressed again in Chapter 7.   
A specific number and area of PT bars were selected for each archetype SC-CBF.  An 
initial PT force ratio (rPT) was also selected.  The PT bar design information for each 
archetype SC-CBF is summarized in Table 4.42. 
Each archetype SC-CBF was designed assuming one lateral dynamic degree-of-freedom 
(DOF) per floor.  Therefore, each SC-CBF has N natural periods where, N is the number 
of floors and lateral dynamic DOFs.  The first four natural periods (Tn) for each archetype 
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SC-CBF are shown in Tables 4.43 through 4.60.  These periods are calculated using a 
fixed base linear elastic analysis model without considering second order effects.   
Several other modal properties are important for the design of SC-CBFs.  These modal 
properties include the modal contribution factors (Γn), the modal mass (Mn
*
), and the 
modal mass ratios (Mn
*
/Mtotal).  These three modal properties are summarized in Tables 
4.43 through 4.60.  It should be noted that for calculating the modal properties, the mode 
shapes (n) were normalized so that maximum value is one.  For example if the second 
mode shape for a 4-story structure was {0.125  0.40  0.50  -0.1} then the normalized 
mode shape would be {0.25  0.80  1.0  -0.2}. 
As discussed in Section 3.3, the Roke et al. (2010) first generation design procedure for 
SC-CBFs is based on a modified response spectrum analysis (RSA).  Instead of reducing 
the entire elastic design spectrum by a response modification coefficient (R), as is done in 
building code provisions for RSA (ASCE 2010), the Roke et al. (2010) design procedure 
uses the following SA s.  The first mode design SA ( Y,1) is taken as the SA that will cause 
a base overturning moment equal to OMY (Roke et al. 2010).  The SAs for the higher 
modes (SADS,n) are taken from the elastic design spectrum without modification by R.  
SADS,n are determined at periods corresponding to the linear elastic fixed base structure.  
 Y,1 and SADS,n are then increased by modal load factors, γn; these factors are given in 
Section 3.3.3.  SADS,n,  Y,1, γn, γ1∙ Y,1 and γn∙SADS,n for the first four modes of each 
archetype SC-CBF are summarized in Tables 4.61 through 4.78.  γ1∙ Y,1 and γn∙SADS,n are 
used in design of the archetype SC-CBFs. 
98 
 
Several overturning moment calculations are important for completing the design of SC-
CBFs.  The elastic overturning moment (OMelastic), the estimated overturning moment 
under the design basis earthquake (OMDBE), as the overturning moment at decompression 
of the “tension” column and initiation of rocking (OMD), and the overturning moment at 
yield of the PT bars (OMY) are calculated for each archetype SC-CBF and are reported in 
Table 4.79.  OMelastic is calculated using an ELF force profile with R = 1.  The values for 
OMD and OMY for the EO-GL archetype SC-CBFs were calculated assuming that there 
are gravity loads on the SC-CBF columns. 
The gravity load that was assumed to be present in the calculations of OMD and OMY for 
the EO-GL archetypes is 1.05∙Dead Load + 0.25∙Live Load.  This gravity load equals the 
gravity load that will be used during the time-history analyses of the archetype SC-CBF 
designs.  FEMA P695 (FEMA 2009), a methodology for evaluating structural systems, 
also uses a gravity load of 1.05∙Dead Load + 0.25∙Live Load for evaluating the seismic 
response of structural systems.  The level of gravity load used for the calculation of OMD 
and OMY is important because these overturning moment values are used in lateral drift 
demand estimates.   
Certain design parameters are used for calculating the overturning moment values 
reported in Table. 4.79 and for calculating SC-CBF lateral drift demands.  These 
parameters include the initial elastic stiffness (kelastic), the post-decompression stiffness 
(kpd), the ratio of the post-decompression stiffness to the elastic stiffness ( k), the energy 
dissipation ratio (βE), and the response modification coefficient, RA,D-Drift.  RA,D-Drift is a 
calculated response modification coefficient that is discussed in Section 3.3.4.  These 
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design parameters are reported in Table 4.80 for each archetype SC-CBF.  RA and RA,D 
were defined previously in Section 3.3.2, and are included in Table 4.80.   
The parameters kelastic, βE, RA,D, and RA,D-Drift in Table 4.80 were calculated using the 
modal properties, periods, and deformations from a fixed base linear elastic analysis 
model of the SC-CBF with second order effects included in the model.  Including second 
order effects in the model when calculating the parameters in Table 4.80 is a different 
approach than the one used for calculating the lateral seismic forces for determining SC-
CBF member design forces.  To determine the lateral seismic forces imposed on the SC-
CBF for determining member design forces, a fixed base linear elastic analysis model 
without second order effects was used.  The fixed base linear elastic analysis model 
without second order effects gives shorter natural periods and thus possibly greater SADS,n 
for some modes.  The use of two different sets of modal properties for determining the 
lateral seismic forces for member design and lateral seismic forces for deformation 
demands is similar to the provisions in ASCE 7-10 (ASCE 7-10) where one period (a 
shorter period based on an upper limit on the period) is used for calculating ELFs for 
member design and another period is used for calculating ELFs for deformation checks.  
The first mode period from the linear elastic analysis model including second order 
effects is denoted as T1,Def.  T1,Def is summarized for the archetype SC-CBFs in Table 
4.81. 
Drifts calculated in the design of SC-CBFs are the lateral roof drift at decompression 
(θD), the roof lateral drift capacity at yield of the PT bars (θY,n), and the factored lateral 
roof drift design demand under the DBE (θDBE,fdd).  These drift values are reported in 
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Table 4.81.  θD is calculated from a fixed base numerical model where second order 
effects are considered.  θDBE,fdd is calculated using ductility demands estimated using the 
µ-R-T relationships developed by Seo (2005) for Site Class D where the “R” factor used 
is RA,D-Drift as described in Section 3.3.4 and T1,Def is used for T1 in the calculations. γθ = 
1.0 in the calculation of θDBE,fdd as discussed previously in Section 3.3.3.  The estimated 
ductility demand (μDBE) and the damping correction factor (Cξ) for the archetype SC-
CBFs are also reported in Table 4.81.  Cξ is calculated using T1,Def.  For design of the 
archetype structures the first mode damping ratio is assumed to be 2.6%.  The 2.6% 
damping ratio for the first mode matches the first mode damping ratio that was used in 
the laboratory hybrid earthquake simulations of a 4-story, 0.6-scale SC-CBF (Roke et al. 
2010) and is the damping ratio that is specified in the first mode of the nonlinear 
numerical simulation model. 
4.6 Summary and Discussion of Archetype Structure Designs 
The design of each archetype SC-CBF can be controlled by one or more design 
parameters.  The parameters controlling the design are the member size (limited to wide 
flange shapes available in 13
th
 Edition of the AISC Steel Construction Manual (AISC 
2005c)), the measure of the self-centering capability of the SC-CBF (βSC), and the 
factored roof drift design demand under the DBE (θDBE,fdd).  θDBE,fdd and βSC are 
summarized along with the aspect ratio, T1, T1,Def, βE, RA, and the weight of the SC-CBF 
(WSC-CBF) in Table 4.82.  The parameter most strongly influencing the design for SC-
CBFs with lateral load bearings was primarily θDBE,fdd, while the parameter most strongly 
influencing the design of most archetype SC-CBFs without lateral load bearings was βSC. 
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Figure 4.7 shows the variation of T1 versus the height of the SC-CBF and T1 versus the 
aspect ratio (height/width) of the SC-CBF.  The variation of T1 of SC-CBFs with height 
or aspect ratio is approximated well by a power relationship.   
The heaviest wide flange shape in the 13
th
 Edition of the AISC Steel Construction 
Manual (AISC 2005c) with a reasonable depth for use as column and brace sections is the 
W14x730.  The 15-story, 18-story, 18E, and 18EO-GL-story archetype SC-CBFs had 
some members where a W14x730 was used and the capacity of the member was still 
exceeded.  To bring these members to a utilization ratio of less than 1.0, special built up 
sections would have to be created, which was not done for this design study.   
According to Seo and Sause (2005), βE should be less than 0.50 if self-centering is to be 
maintained.  Seo and Sause (2005) only considered self-centering systems where the 
width of the hysteresis loop does not depend on the magnitude of the lateral forces.  
When lateral load bearings with friction are used as an energy dissipation source, the 
width of the hysteresis loop depends on the magnitude of the lateral forces.  Therefore, to 
adapt the results from Seo and Sause (2005) for the studies in this document, βSC is used 
instead of βE to measure the self-centering capability of the archetype SC-CBF design 
and a limit on βSC was set to 0.50.   
θDBE,fdd was limited to approximately 1.5% radians for all but one archetype SC-CBF.  
This drift limit was imposed to limit the deformation demands on nonstructural 
components.  To achieve the desired performance condition of immediate occupancy 
after a DBE, nonstructural systems, such as elevators, building cladding, and fire 
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suppression systems, must be intact and usable after the DBE.  To limit damage to 
nonstructural systems Cξ∙θDBE,fdd, was limited to approximately 1.5% radians.  While this 
may be a larger drift than some nonstructural components can currently undergo without 
being damaged, it is expected that nonstructural system suppliers will improve their 
products after they become the main factor for achieving immediate occupancy.  
The 18-story SC-CBF was the only archetype SC-CBF where θDBE,fdd was not limited to 
approximately 1.5% radians.  The 18-story SC-CBF uses a large amount of PT steel in 
the design and the initial PT ratio is high (0.80).  This large amount of PT steel and high 
rPT means that there are very large vertical forces present on the SC-CBF, even before 
any lateral load is applied.  The 18-story SC-CBF is also fairly flexible in terms of its 
lateral stiffness before decompression.  This large lateral flexibility of the SC-CBF before 
decompression means that θD is quite high (0.65% radians).  Therefore, even though μDBE 
is low (2.19), θDBE,fdd is quite large (1.66% radians).  The properties of the 18-story SC-
CBF (low βE and the large flexibility of the SC-CBF), make it very difficult to achieve a 
design where θDBE,fdd is near 1.5% radians.  Therefore, the 18-story SC-CBF was allowed 
to have a larger value for θDBE,fdd. 
The weight for each SC-CBFs was calculated using centerline dimensions of the SC-CBF 
and the tabulated weight per unit length of each wide flange shape from the 13
th
 Edition 
of the AISC Steel Construction Manual (AISC 2005c).  The 6E, 9E, 12E, 15E, and 18E-
story SC-CBFs are significantly lighter than the 6, 9, 12, 15, and 18-story SC-CBFs.  The 
difference in weight can be as much as 22% (12 to 12E-story archetype SC-CBFs).  The 
difference in weight between archetype SC-CBF designs of the same height is largely 
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caused by a reduction in the amount of PT steel needed to achieve the desired drift limit 
when additional energy dissipation is added.  If the cost of additional energy dissipation 
devices is not too expensive, then adding more energy dissipation to the design may be an 
economical choice.   
The archetype SC-CBFs with the supplemental energy dissipation devices, but no lateral 
load bearings (the SC-CBFs with the #EO-GL-story designation), are generally the 
lightest of the three designs for each number of stories (with only lateral load bearings 
with friction, with lateral load bearings with friction and with supplemental energy 
dissipation devices, and without lateral load bearings with with supplemental energy 
dissipation devices).  The designs without lateral load bearings and supplemental energy 
dissipation devices (SC-CBFs with #EO-GL-story designation) do not have the additional 
gravity column adjacent to the SC-CBF column and also have a larger centerline-to-
centerline distance between the SC-CBF columns.  The weight of additional gravity 
columns is not accounted for in the SC-CBF weight listed in Table 4.82.  In terms of 
weight, SC-CBFs without lateral load bearings and with supplemental energy dissipation 
devices (#EO-GL-story SC-CBFs) are the most efficient.  However, the #EO-GL-story 
SC-CBF designs will cause the floor diaphragm to uplift when the SC-CBF rocks 
because the floor gravity beams are attached directly to the SC-CBF columns.  This may 
cause undesirable damage to the floor diaphragm.  This uplift and damage to floor 
diaphragm will not occur in SC-CBFs with lateral load bearings.  This trade-off between 
lighter steel weights and floor diaphragm damage is something to be considered when 
designing SC-CBFs. 
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Two critical assumptions for the behavior of SC-CBFs and the SC-CBF performance-
based design procedure developed by Roke et al. (2010) are that the base overturning 
moment is largely a first mode response and that the base overturning moment is limited 
by rocking of the SC-CBF and yielding of the PT steel.  It is worth investigating if these 
assumptions are met as the height of the SC-CBF increases.   
Figure 4.8 shows the design modal overturning moment ratio (OMMR,n) for the first two 
modes of the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs.  The design OMMR,n is the 
absolute value of the modal base overturning moment divided by the absolute sum 
(ABSSUM) over all modes of the modal base overturning moments.  Figure 4.8 shows 
OMMR,1 decreases rapidly as the number of stories increases up to 12 stories.  OMMR,2 
shows the opposite trend, increasing rapidly with the number of stories until 12 stories.  
From 12 stories on up to 18 stories OMMR,1 increases slightly while OMMR,2 decreases 
slightly.   
Figure 4.9 shows the design OMMR,n for the first two modes of the 6E, 9E, 12E, 15E, and 
18E-story archetype SC-CBFs.  This plot shows that OMMR,1 decreases as the number of 
stories increases up to about 12 stories and then starts to increase after 15 stories.  OMMR,2 
shows the opposite trend, increasing with the number of stories until 12 stories and then 
drops off more sharply after about 15 stories.  OMMR,2 is greater than the OMMR,1 for the 
9E, 12E, 15E, and 18E-story archetype SC-CBFs.  OMMR,2 is significantly greater than 
OMMR,1 for the 12E and 15E archetype SC-CBFs. 
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Figure 4.10 shows the design OMMR,n for the first two modes of the 4EO-GL, 6EO-GL, 
9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs.  This plot 
shows that OMMR,1 decreases rapidly as the number of stories increases up to about 12 
stories and then the decreases more slowly after that.  OMMR,2 shows the opposite trend, 
increasing rapidly with the number of stories until about 12 stories and then increasing 
more slowly after that.  OMMR,2 is greater than OMMR,1 for the 12EO-GL, 15EO-GL, and 
18EO-GL-story archetype SC-CBFs.   
The decreasing OMMR,1 and increasing OMMR,2 for the taller SC-CBFs is concerning 
because rocking of the SC-CBF and yielding of the PT steel is intended to limit the forces 
that can be developed in the SC-CBF members.  As OMMR,1 decreases and OMMR,2 
increases, the member forces are not necessarily being limited by the rocking of the SC-
CBF and yielding of the PT steel.  This behavior will be investigated further in Chapter 7 
using time-history analyses data for each archetype SC-CBF design. 
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Table 4.1 – Summary of dead loads for archetype SC-CBF structures 
 
Dead Load (psf) Floor 1 Middle Floors Roof 
Floor/Roof Deck 3 3 3 
Floor/Roof Slab 43 43 0 
Roofing Material 0 0 10 
Mechanical Weight 10 10 25 
Ceiling Material 5 5 5 
Floor Finish 2 2 0 
Structural Steel 15 15 10 
Steel Fireproofing 2 2 2 
Building Envelope 7.8 7.2 5.3 
Total 87.8 87.2 60.3 
 
 
Table 4.2 – Summary of live loads for archetype SC-CBF structures 
 
Live Load (psf) Floors Roof 
Office 50 0 
Partitions (included in seismic mass) 15 0 
Roof (unreduced) 0 20 
Total 65 20 
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Table 4.3 – Seismic mass tributary to each SC-CBF for archetype structures 
 
Seismic Mass (kip•sec2/in) 
First Floor 2.16 
Middle Floors 2.14 
Roof  1.27 
 
 
Table 4.4 – Summary of material properties for archetype SC-CBF structures 
 SC-CBF Member 
Material 
Post-Tensioning 
Bar Material 
Yield Strength 50 ksi 120 ksi 
Modulus of Elasticity 29000 ksi 29700 ksi 
Poisson Ratio 0.3 0.3 
 
Table 4.5 – Summary of PT bar diameters available for use in design archetype SC-CBF 
structures 
 
Bar Identifier Bar Area (in
2
) 
D1 0.85 
D1.25 1.25 
D1.375 1.58 
D1.75 2.62 
D2.5 5.2 
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Table 4.6 – Member sizes for 4-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x68 W12x170 W12x170 W12x106  W12x120 
2 W14x68 W12x170 W12x106 W12x96   
3 W14x53 W12x106 W12x152 W12x96   
4 W14x53 W12x106 W12x106 W12x96 W12x190  
 
 
Table 4.7 – Member sizes for 6-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x211 W14x233 W12x106  W12x190 
2 W14x82 W14x211 W14x176 W12x96   
3 W14x68 W14x193 W12x96 W12x96   
4 W14x68 W14x193 W14x74 W12x96   
5 W14x53 W14x68 W14x193 W12x96   
6 W14x53 W14x68 W12x96 W12x96 W14x233  
 
 
Table 4.8 – Member sizes for 9-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x398 W14x342 W12x106  W14x233 
2 W14x132 W14x398 W14x283 W12x96   
3 W14x132 W14x311 W14x211 W12x106   
4 W14x82 W14x311 W14x145 W12x96   
5 W14x82 W14x311 W12x96 W12x96   
6 W14x68 W14x311 W12x96 W12x96   
7 W14x68 W14x193 W12x152 W12x96   
8 W14x53 W14x193 W12x152 W12x96 W14x176  
9 W14x53 W14x193 W12x190 W12x96 W14x176  
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Table 4.9 – Member sizes for 12-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x730 W14x455 W12x96  W14x311 
2 W14x145 W14x730 W14x370 W12x96   
3 W14x132 W14x455 W14x370 W12x106   
4 W14x132 W14x455 W14x283 W12x96   
5 W14x132 W14x455 W14x211 W12x106   
6 W14x132 W14x455 W12x152 W12x96   
7 W14x82 W14x455 W12x120 W12x96   
8 W14x82 W14x455 W12x120 W12x96   
9 W14x68 W14x370 W12x152 W12x96   
10 W14x68 W14x370 W14x159 W12x210   
11 W14x53 W14x132 W14x370 W12x96   
12 W14x53 W14x132 W14x132 W12x96 W14x500  
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Table 4.10 – Member sizes for 15-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x176 W14x730 W14x605 W12x96  W14x370 
2 W14x176 W14x730 W14x500 W12x96   
3 W14x176 W14x665 W14x455 W12x96   
4 W14x145 W14x665 W14x370 W12x96   
5 W14x145 W14x605 W14x311 W12x96   
6 W14x132 W14x605 W14x283 W12x96   
7 W14x132 W14x730 W14x145 W12x96   
8 W14x132 W14x730 W14x145 W12x96   
9 W14x132 W14x665 W14x132 W12x96   
10 W14x82 W14x665 W14x132 W12x96   
11 W14x82 W14x550 W14x176 W12x96   
12 W14x68 W14x550 W14x176 W12x136   
13 W14x68 W14x370 W14x311 W12x96   
14 W14x53 W14x370 W14x176 W12x136 W14x455  
15 W14x53 W14x370 W14x342 W12x136 W14x455  
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Table 4.11 – Member sizes for 18-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x211 W14x730 W14x730 W12x96  W14x426 
2 W14x211 W14x730 W14x665 W12x152   
3 W14x176 W14x730 W14x665 W12x96   
4 W14x176 W14x730 W14x500 W12x96   
5 W14x176 W14x730 W14x500 W12x96   
6 W14x176 W14x730 W14x398 W12x96   
7 W14x145 W14x730 W14x342 W12x96   
8 W14x145 W14x730 W14x283 W12x96   
9 W14x132 W14x730 W14x193 W12x96   
10 W14x132 W14x730 W14x176 W12x96   
11 W14x132 W14x730 W14x176 W12x96   
12 W14x132 W14x730 W14x176 W12x96   
13 W14x82 W14x730 W14x233 W12x96   
14 W14x82 W14x730 W14x211 W12x96   
15 W14x68 W14x730 W14x211 W12x96   
16 W14x68 W14x730 W14x211 W14x500   
17 W14x53 W14x211 W14x730 W12x136   
18 W14x53 W14x211 W14x211 W12x252 W14x730  
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Table 4.12 – Member sizes for 6E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x159 W14x233 W12x106  W12x170 
2 W14x82 W14x159 W14x159 W12x96   
3 W14x68 W14x159 W12x96 W12x96   
4 W14x68 W14x159 W14x68 W12x96   
5 W14x53 W14x68 W12x120 W12x96   
6 W14x53 W14x68 W14x82 W12x96 W14x159  
 
Table 4.13 – Member sizes for 9E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x283 W14x342 W12x96  W14x233 
2 W14x132 W14x283 W14x257 W12x96   
3 W14x132 W14x233 W14x193 W12x96   
4 W14x82 W14x233 W14x145 W12x96   
5 W14x82 W14x233 W12x96 W12x96   
6 W14x68 W14x233 W12x96 W12x96   
7 W14x68 W14x132 W12x136 W12x96   
8 W14x53 W14x132 W12x120 W12x96 W12x120  
9 W14x53 W14x132 W12x106 W12x96 W12x120  
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Table 4.14 – Member sizes for 12E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x455 W14x455 W12x96  W14x311 
2 W14x145 W14x455 W14x370 W12x96   
3 W14x132 W14x370 W14x311 W12x96   
4 W14x132 W14x370 W14x257 W12x96   
5 W14x132 W14x370 W14x176 W12x106   
6 W14x132 W14x370 W12x136 W12x96   
7 W14x82 W14x370 W12x96 W12x96   
8 W14x82 W14x370 W12x120 W12x96   
9 W14x68 W14x257 W12x152 W12x96   
10 W14x68 W14x257 W12x170 W12x210   
11 W14x53 W14x132 W12x230 W12x96   
12 W14x53 W14x132 W12x106 W12x96 W14x233  
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Table 4.15 – Member sizes for 15E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x176 W14x730 W14x550 W12x96  W14x370 
2 W14x176 W14x730 W14x455 W12x96   
3 W14x176 W14x605 W14x426 W12x96   
4 W14x145 W14x605 W14x370 W12x96   
5 W14x145 W14x605 W14x283 W12x96   
6 W14x132 W14x605 W14x233 W12x96   
7 W14x132 W14x605 W14x145 W12x96   
8 W14x132 W14x605 W12x120 W12x96   
9 W14x132 W14x605 W12x120 W12x96   
10 W14x82 W14x605 W14x132 W12x96   
11 W14x82 W14x455 W14x176 W12x96   
12 W14x68 W14x455 W14x176 W12x96   
13 W14x68 W14x211 W14x211 W12x96   
14 W14x53 W14x211 W14x159 W12x96 W14x233  
15 W14x53 W14x211 W14x159 W12x106 W14x233  
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Table 4.16 – Member sizes for 18E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x211 W14x730 W14x665 W12x96  W14x426 
2 W14x211 W14x730 W14x550 W12x96   
3 W14x176 W14x730 W14x500 W12x96   
4 W14x176 W14x730 W14x455 W12x96   
5 W14x176 W14x730 W14x370 W12x96   
6 W14x176 W14x730 W14x342 W12x96   
7 W14x145 W14x730 W14x233 W12x96   
8 W14x145 W14x730 W14x211 W12x96   
9 W14x132 W14x730 W14x132 W12x96   
10 W14x132 W14x730 W14x132 W12x96   
11 W14x132 W14x730 W14x145 W12x96   
12 W14x132 W14x730 W14x159 W12x96   
13 W14x82 W14x730 W14x211 W12x96   
14 W14x82 W14x730 W14x211 W12x96   
15 W14x68 W14x730 W14x211 W12x96   
16 W14x68 W14x730 W14x176 W12x336   
17 W14x53 W14x211 W14x398 W12x120   
18 W14x53 W14x211 W14x132 W12x106 W14x550  
 
 
 
 
 
 
116 
 
Table 4.17 – Member sizes for 9EO-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x311 W14x342 W12x96  W14x233 
2 W14x132 W14x311 W14x283 W12x96   
3 W14x132 W14x257 W14x193 W12x96   
4 W14x82 W14x257 W14x145 W12x96   
5 W14x82 W14x257 W12x106 W12x96   
6 W14x68 W14x257 W12x106 W12x96   
7 W14x68 W14x145 W12x152 W12x96   
8 W14x53 W14x145 W12x120 W12x96 W14x145  
9 W14x53 W14x145 W12x136 W12x96 W14x145  
 
Table 4.18 – Member sizes for 4EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x68 W10x112 W12x170 W12x106  W12x152 
2 W14x68 W10x112 W12x120 W12x96   
3 W14x53 W10x68 W12x106 W12x96   
4 W14x53 W10x68 W10x68 W12x96 W10x88  
 
Table 4.19 – Member sizes for 6EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x132 W14x233 W12x106  W12x230 
2 W14x82 W14x132 W14x159 W12x96   
3 W14x68 W14x132 W12x96 W12x96   
4 W14x68 W14x132 W14x82 W12x96   
5 W14x53 W14x68 W12x106 W12x96   
6 W14x53 W14x68 W14x82 W12x96 W14x68  
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Table 4.20 – Member sizes for 9EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W12x230 W14x342 W12x120  W14x257 
2 W14x132 W12x230 W14x257 W12x96   
3 W14x132 W12x230 W12x210 W12x106   
4 W14x82 W12x230 W12x152 W12x96   
5 W14x82 W12x230 W12x96 W12x96   
6 W14x68 W12x230 W12x96 W12x96   
7 W14x68 W12x120 W12x120 W12x96   
8 W14x53 W12x120 W12x120 W12x96 --  
9 W14x53 W12x120 W12x96 W12x96 --  
 
Table 4.21 – Member sizes for 12EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x426 W14x426 W12x96  W14x342 
2 W14x145 W14x426 W14x342 W12x96   
3 W14x132 W14x370 W14x283 W12x96   
4 W14x132 W14x370 W14x233 W12x96   
5 W14x132 W14x370 W14x145 W12x96   
6 W14x132 W14x370 W14x132 W12x96   
7 W14x82 W14x370 W12x96 W12x96   
8 W14x82 W14x370 W12x120 W12x96   
9 W14x68 W14x211 W12x152 W12x96   
10 W14x68 W14x211 W12x152 W12x96   
11 W14x53 W14x82 W12x152 W12x96   
12 W14x53 W14x82 W12x96 W12x96 W14x68  
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Table 4.22 – Member sizes for 15EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x176 W14x730 W14x500 W12x96  W14x426 
2 W14x176 W14x730 W14x455 W12x96   
3 W14x176 W14x550 W14x398 W12x96   
4 W14x145 W14x550 W14x342 W12x96   
5 W14x145 W14x550 W14x257 W12x96   
6 W14x132 W14x550 W14x233 W12x96   
7 W14x132 W14x550 W14x132 W12x96   
8 W14x132 W14x550 W12x120 W12x96   
9 W14x132 W14x500 W12x120 W12x96   
10 W14x82 W14x500 W14x132 W12x96   
11 W14x82 W14x342 W14x176 W12x96   
12 W14x68 W14x342 W14x176 W12x96   
13 W14x68 W14x145 W14x193 W12x96   
14 W14x53 W14x145 W14x159 W12x96 --  
15 W14x53 W14x145 W12x120 W12x106 --  
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Table 4.23 – Member sizes for 18EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x211 W14x730 W14x605 W12x96  W14x500 
2 W14x211 W14x730 W14x550 W12x96   
3 W14x176 W14x730 W14x500 W12x96   
4 W14x176 W14x730 W14x455 W12x96   
5 W14x176 W14x730 W14x370 W12x96   
6 W14x176 W14x730 W14x342 W12x96   
7 W14x145 W14x730 W14x233 W12x96   
8 W14x145 W14x730 W14x211 W12x96   
9 W14x132 W14x730 W14x132 W12x96   
10 W14x132 W14x730 W12x120 W12x96   
11 W14x132 W14x730 W14x145 W12x96   
12 W14x132 W14x730 W14x159 W12x96   
13 W14x82 W14x500 W14x211 W12x96   
14 W14x82 W14x500 W14x211 W12x96   
15 W14x68 W14x257 W14x211 W12x96   
16 W14x68 W14x257 W14x211 W12x96   
17 W14x53 W14x132 W14x176 W12x120   
18 W14x53 W14x132 W12x120 W12x96 W12x120  
 
 
 
 
 
 
120 
 
Table 4.24 – Maximum member design utilization for 4-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.79 0.97 0.97 0.86  0.97 
2 0.52 0.93 0.99 0.69   
3 0.49 0.54 0.97 0.51   
4 0.18 0.51 0.61 0.64 0.88  
 
Table 4.25 – Maximum member design utilization for 6-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.94 0.97 0.91  0.91 
2 0.75 0.82 0.94 0.54   
3 0.71 0.90 0.79 0.81   
4 0.52 0.92 0.92 0.80   
5 0.49 0.87 0.85 0.43   
6 0.18 0.89 0.72 0.65 0.91  
 
Table 4.26 – Maximum member design utilization for 9-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.98 0.98 0.88  0.93 
2 0.65 0.87 0.96 0.59   
3 0.57 0.92 0.94 0.89   
4 0.91 0.90 0.99 0.58   
5 0.75 0.93 0.78 0.80   
6 0.71 0.94 0.87 0.66   
7 0.52 0.87 0.98 0.47   
8 0.49 0.90 0.78 0.74 0.96  
9 0.18 0.10 0.92 0.85 0.85  
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Table 4.27 – Maximum member design utilization for 12-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 0.94 0.96 0.86  0.95 
2 0.81 0.83 1.00 0.57   
3 0.82 0.87 0.89 0.84   
4 0.74 0.87 0.95 0.59   
5 0.65 0.95 0.85 0.82   
6 0.57 0.94 0.99 0.60   
7 0.91 0.95 0.78 0.78   
8 0.75 0.95 0.91 0.50   
9 0.71 0.90 0.99 0.55   
10 0.52 0.95 0.92 0.88   
11 0.49 0.59 0.95 0.91   
12 0.18 0.63 0.79 0.86 0.93  
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Table 4.28 – Maximum member design utilization for 15-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.40 0.92 0.81  0.94 
2 0.86 1.38 0.97 0.76   
3 0.80 1.01 0.94 0.78   
4 0.89 1.01 0.96 0.60   
5 0.81 0.93 0.92 0.75   
6 0.82 0.92 0.91 0.64   
7 0.74 0.99 1.00 0.77   
8 0.65 0.98 0.87 0.63   
9 0.57 0.99 0.87 0.73   
10 0.91 0.99 0.98 0.56   
11 0.75 0.99 0.96 0.58   
12 0.71 1.00 1.00 0.98   
13 0.52 0.88 0.96 0.80   
14 0.49 0.93 0.97 0.98 0.94  
15 0.18 0.088 0.97 0.77 0.85  
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Table 4.29 – Maximum member design utilization for 18-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 2.39 1.10 0.85  0.99 
2 0.88 2.35 0.96 0.96   
3 0.98 1.88 0.96 0.76   
4 0.92 1.89 0.96 0.88   
5 0.86 1.59 0.94 0.71   
6 0.80 1.59 0.99 0.88   
7 0.89 1.54 0.93 0.69   
8 0.81 1.54 0.97 0.81   
9 0.82 1.51 0.97 0.69   
10 0.74 1.51 0.93 0.75   
11 0.65 1.36 0.94 0.63   
12 0.57 1.38 0.91 0.76   
13 0.91 1.13 0.93 0.56   
14 0.75 1.14 0.96 0.65   
15 0.71 0.98 0.98 0.67   
16 0.52 1.11 0.96 0.96   
17 0.49 0.64 1.29 0.92   
18 0.18 0.84 0.85 0.96 1.67  
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Table 4.30 – Maximum member design utilization for 6E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.77 0.93 0.94  1.0 
2 0.75 0.73 0.94 0.52   
3 0.71 0.85 0.75 0.84   
4 0.52 0.86 0.87 0.57   
5 0.49 0.79 0.97 0.47   
6 0.18 0.82 0.95 0.53 0.83  
 
Table 4.31 – Maximum member design utilization for 9E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.81 0.98 0.99  0.90 
2 0.65 0.80 0.96 0.51   
3 0.57 0.82 0.94 0.96   
4 0.91 0.79 0.99 0.53   
5 0.75 0.98 0.78 0.79   
6 0.71 0.99 0.87 0.52   
7 0.52 0.93 0.98 0.53   
8 0.49 0.99 0.78 0.55 0.86  
9 0.18 0.13 0.92 0.88 0.75  
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Table 4.32 – Maximum member design utilization for 12E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 0.90 0.91 0.94  0.90 
2 0.81 0.91 0.92 0.48   
3 0.82 0.63 0.92 0.88   
4 0.74 0.61 0.94 0.52   
5 0.65 0.94 0.60 0.87   
6 0.57 0.92 0.95 0.55   
7 0.91 0.99 0.82 0.79   
8 0.75 1.00 0.91 0.46   
9 0.71 0.94 0.96 0.54   
10 0.52 0.96 0.91 0.83   
11 0.49 0.50 0.86 0.88   
12 0.18 0.53 0.91 0.65 0.91  
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Table 4.33 – Maximum member design utilization for 15E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 0.99 0.93 0.85  0.93 
2 0.86 0.98 0.95 0.50   
3 0.80 0.62 0.92 0.83   
4 0.89 0.62 0.92 0.50   
5 0.81 0.73 0.92 0.82   
6 0.82 0.71 0.96 0.57   
7 0.74 0.94 0.90 0.82   
8 0.65 0.92 0.98 0.57   
9 0.57 0.92 0.95 0.75   
10 0.91 0.93 0.93 0.50   
11 0.75 0.88 0.93 0.58   
12 0.71 0.90 0.96 0.75   
13 0.52 0.87 1.00 0.75   
14 0.49 0.91 0.96 0.73 0.90  
15 0.18 0.11 0.91 0.93 0.76  
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Table 4.34 – Maximum member design utilization for 18E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.41 0.95 0.87  0.94 
2 0.88 1.55 0.97 0.64   
3 0.98 0.98 0.99 0.79   
4 0.92 0.98 0.92 0.53   
5 0.86 0.85 0.98 0.73   
6 0.80 0.85 0.97 0.58   
7 0.89 1.02 1.00 0.74   
8 0.81 1.01 0.99 0.62   
9 0.82 1.10 0.98 0.73   
10 0.74 1.10 0.87 0.59   
11 0.65 1.01 0.93 0.66   
12 0.57 1.02 0.80 0.52   
13 0.91 0.78 0.91 0.55   
14 0.75 0.79 0.89 0.44   
15 0.71 0.53 0.91 0.63   
16 0.52 0.56 0.98 0.65   
17 0.49 0.40 0.98 0.91   
18 0.18 0.41 0.83 0.80 0.94  
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Table 4.35 – Maximum member design utilization for 9EO-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.87 0.96 0.97  0.92 
2 0.65 0.97 0.93 0.55   
3 0.57 0.95 0.98 0.96   
4 0.91 0.93 0.95 0.55   
5 0.75 0.99 0.73 0.78   
6 0.71 1.00 0.78 0.60   
7 0.52 0.91 0.92 0.52   
8 0.49 0.99 0.94 0.66 0.95  
9 0.18 0.12 0.96 0.88 0.81  
 
Table 4.36 – Maximum member design utilization for 4EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.79 0.86 0.95 0.92  0.98 
2 0.52 0.96 0.84 0.57   
3 0.49 0.65 0.83 0.46   
4 0.18 0.61 0.94 0.49 0.90  
 
Table 4.37 – Maximum member design utilization for 6EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.75 0.90 1.00  0.93 
2 0.75 0.82 0.97 0.63   
3 0.71 0.97 0.78 0.88   
4 0.52 0.91 0.84 0.45   
5 0.49 0.72 0.83 0.40   
6 0.18 0.62 0.98 0.50 0.86  
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Table 4.38 – Maximum member design utilization for 9EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.87 0.89 0.88  0.95 
2 0.65 0.95 0.98 0.61   
3 0.57 0.91 0.94 0.92   
4 0.91 0.84 0.93 0.57   
5 0.75 0.98 0.71 0.84   
6 0.71 0.96 0.89 0.50   
7 0.52 0.93 0.95 0.45   
8 0.49 0.91 0.99 0.56 --  
9 0.18 0.13 0.85 0.86 --  
 
Table 4.39 – Maximum member design utilization for 12EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 0.91 0.92 0.94  0.92 
2 0.81 0.83 0.99 0.57   
3 0.82 0.62 0.94 0.94   
4 0.74 0.58 0.98 0.58   
5 0.65 0.92 0.97 0.90   
6 0.57 0.89 0.84 0.58   
7 0.91 0.90 0.88 0.80   
8 0.75 0.89 0.93 0.49   
9 0.71 0.95 0.97 0.53   
10 0.52 0.94 0.99 0.48   
11 0.49 0.81 0.94 0.86    
12 0.18 0.66 0.93 0.52 0.89  
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Table 4.40 – Maximum member design utilization for 15EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 0.94 0.96 0.80  0.93 
2 0.86 0.81 0.94 0.54   
3 0.80 0.54 0.92 0.89   
4 0.89 0.52 0.97 0.53   
5 0.81 0.72 0.97 0.87   
6 0.82 0.70 0.96 0.61   
7 0.74 0.94 0.98 0.86   
8 0.65 0.91 0.99 0.60   
9 0.57 0.96 0.97 0.79   
10 0.91 0.96 0.92 0.52   
11 0.75 0.95 0.92 0.59   
12 0.71 0.94 0.93 0.48   
13 0.52 0.97 0.91 0.66   
14 0.49 0.94 0.98 0.78 --  
15 0.18 0.12 0.92 0.95 --  
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Table 4.41 – Maximum member design utilization for 18EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.18 0.93 0.79  0.91 
2 0.88 1.13 0.93 0.51   
3 0.98 0.57 0.90 0.81   
4 0.92 0.57 0.90 0.51   
5 0.86 0.61 0.90 0.77   
6 0.80 0.59 0.92 0.56   
7 0.89 0.89 0.92 0.79   
8 0.81 0.87 0.93 0.58   
9 0.82 1.00 0.87 0.78   
10 0.74 0.99 0.95 0.59   
11 0.65 0.90 0.92 0.69   
12 0.57 0.90 0.91 0.51   
13 0.91 0.95 0.91 0.57   
14 0.75 0.95 0.91 0.47   
15 0.71 0.98 0.97 0.60   
16 0.52 0.97 0.91 0.68   
17 0.49 0.57 0.90 0.92   
18 0.18 0.46 0.90 0.60 0.91  
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Table 4.42 – PT bar design information for archetype SC-CBFs 
 
Archetype 
Bar 
Identifier 
Number 
of Bars 
APT 
(in
2
) 
Yield Force of 
PT steel (kips) 
rPT 
(% of Yield Force) 
4-story D1.25 10 12.50 1500 0.50 
6-story D1.375 10 15.80 1896 0.47 
9-story D1.75 10 26.20 3144 0.55 
12-story D1.75 14 36.68 4042 0.75 
15-story D2.5 12 62.40 7488 0.80 
18-story D2.5 20 104.0 12480 0.85 
6E-story D1.375 6 9.48 1138 0.50 
9E-story D1.25 10 12.50 1500 0.60 
12E-story D1.375 10 15.8 1896 0.70 
15E-story D1.75 10 26.2 3144 0.60 
18E-story D2.5 8 41.6 4992 0.80 
9EO-story D1.375 12 18.96 2275 0.60 
4EO-GL-story D1.0 6 5.10 612 0.40 
6EO-GL-story D1.0 4 3.40 408 0.40 
9EO-GL-story D1.0 4 3.40 408 0.50 
12EO-GL-story D1.0 4 3.40 408 0.50 
15EO-GL-story D1.75 2 5.24 629 0.50 
18EO-GL-story D1.25 6 7.50 900 0.50 
 
Table 4.43 – Modal properties for 4-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.48 1.42 5.90 0.77 
2 0.17 -0.58 1.18 0.15 
3 0.10 0.33 0.45 0.059 
4 0.092 -0.18 0.17 0.023 
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Table 4.44 – Modal properties for first four modes of 6-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.84 1.46 8.31 0.69 
2 0.23 -0.76 2.39 0.20 
3 0.15 0.32 0.53 0.044 
4 0.11 -0.20 0.15 0.012 
 
Table 4.45 – Modal properties for first four modes of 9-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.32 1.49 12.1 0.66 
2 0.32 -0.72 3.84 0.21 
3 0.18 -0.37 1.00 0.054 
4 0.13 0.37 0.71 0.039 
 
Table 4.46 – Modal properties for first four modes of 12-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.78 1.52 15.8 0.63 
2 0.40 -0.79 5.36 0.22 
3 0.21 0.45 1.55 0.063 
4 0.15 -0.34 0.84 0.034 
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Table 4.47 – Modal properties for first four modes of 15-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.39 1.52 20.1 0.64 
2 0.48 -0.77 6.12 0.20 
3 0.25 0.39 1.87 0.060 
4 0.17 -0.34 1.00 0.032 
 
Table 4.48 – Modal properties for first four modes of 18-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 3.30 1.54 24.0 0.64 
2 0.61 -0.79 7.44 0.20 
3 0.29 0.40 2.25 0.060 
4 0.19 -0.29 1.26 0.034 
 
Table 4.49 – Modal properties for first four modes of 6E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.93 1.46 8.18 0.68 
2 0.24 -0.75 2.39 0.20 
3 0.16 0.32 0.55 0.046 
4 0.11 -0.19 0.18 0.015 
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Table 4.50 – Modal properties for first four modes of 9E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.50 1.51 12.0 0.65 
2 0.35 -0.76 3.71 0.20 
3 0.19 0.36 1.10 0.060 
4 0.14 0.38 0.75 0.041 
 
Table 4.51 – Modal properties for first four modes of 12E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.06 1.52 15.9 0.64 
2 0.43 -0.80 5.00 0.20 
3 0.23 0.45 1.50 0.060 
4 0.16 -0.33 0.88 0.035 
 
Table 4.52 – Modal properties for first four modes of 15E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.51 1.52 19.9 0.64 
2 0.51 -0.81 6.14 0.20 
3 0.27 0.44 1.99 0.063 
4 0.18 -0.33 1.05 0.034 
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Table 4.53 – Modal properties for first four modes of 18E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 3.34 1.53 24.1 0.64 
2 0.63 -0.79 7.36 0.20 
3 0.31 0.41 2.25 0.060 
4 0.20 -0.29 1.27 0.034 
 
Table 4.54 – Modal properties for first four modes of 9EO-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.43 1.50 12.1 0.65 
2 0.33 -0.75 3.71 0.20 
3 0.19 -0.36 1.12 0.061 
4 0.13 0.38 0.74 0.040 
 
Table 4.55 – Modal properties for 4EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.48 1.45 5.66 0.73 
2 0.18 -0.61 1.30 0.17 
3 0.11 0.21 0.16 0.021 
4 0.094 0.45 0.59 0.023 
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Table 4.56 – Modal properties for first four modes of 6EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.86 1.46 8.21 0.69 
2 0.23 -0.73 2.35 0.20 
3 0.15 0.32 0.55 0.046 
4 0.11 -0.093 0.052 0.0044 
 
Table 4.57 – Modal properties for first four modes of 9EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.36 1.50 12.2 0.66 
2 0.32 -0.74 3.63 0.20 
3 0.19 -0.37 1.01 0.055 
4 0.14 0.39 0.72 0.039 
 
Table 4.58 – Modal properties for first four modes of 12EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.80 1.52 16.1 0.65 
2 0.40 -0.82 4.81 0.19 
3 0.23 0.47 1.52 0.061 
4 0.16 -0.32 0.83 0.033 
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Table 4.59 – Modal properties for first four modes of 15EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.21 1.53 19.8 0.63 
2 0.48 -0.82 6.08 0.19 
3 0.26 0.45 2.12 0.068 
4 0.18 -0.34 1.03 0.033 
 
Table 4.60 – Modal properties for first four modes of 18EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.84 1.53 24.1 0.64 
2 0.57 -0.85 7.13 0.19 
3 0.30 0.49 2.35 0.062 
4 0.20 -0.33 1.23 0.033 
 
Table 4.61 – SA used in design of 4-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 1.0g 0.33g 1.15 0.38g 
2 1.0g -- 2.0 2.0g 
3 0.90g -- 2.0 1.80g 
4 0.86g -- 2.0 1.72g 
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Table 4.62 – SA used in design of 6-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.71g 0.17g 1.15 0.20g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 0.94g -- 2.0 1.87g 
 
Table 4.63 – SA used in design of 9-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.46g 0.12g 1.15 0.14g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.64 – SA used in design of 12-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.34g 0.093g 1.15 0.11g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
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Table 4.65 – SA used in design of 15-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.25g 0.098g 1.15 0.11g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.66 – SA used in design of 18-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.18g 0.11g 1.15 0.13g 
2 0.99g -- 2.0 1.97g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.67 – SA used in design of 6E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.64g 0.13g 1.15 0.15g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 0.96g -- 2.0 1.92g 
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Table 4.68 – SA used in design of 9E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.40g 0.079g 1.15 0.091g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.69 – SA used in design of 12E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.29g 0.063g 1.15 0.072g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.70 – SA used in design of 15E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.24g 0.061g 1.15 0.070g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
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Table 4.71 – SA used in design of 18E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.18g 0.074g 1.15 0.085g 
2 0.96g -- 2.0 1.92g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.72 – SA used in design of 9EO-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.42g 0.11g 1.15 0.13g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.73 – SA used in design of 4EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 1.0g 0.27g 1.15 0.31g 
2 1.0g -- 2.0 2.0g 
3 0.95g -- 2.0 1.90g 
4 0.87g -- 2.0 1.74g 
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Table 4.74 – SA used in design of 6EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.69g 0.13g 1.15 0.15g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 0.94g -- 2.0 1.88g 
 
Table 4.75 – SA used in design of 9EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.44g 0.090g 1.15 0.10g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.76 – SA used in design of 12EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.33g 0.062g 1.15 0.071g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
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Table 4.77 – SA used in design of 15EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.27g 0.056g 1.15 0.064g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
 
Table 4.78 – SA used in design of 18EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.21g 0.048g 1.15 0.055g 
2 1.0g -- 2.0 2.0g 
3 1.0g -- 2.0 2.0g 
4 1.0g -- 2.0 2.0g 
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Table 4.79 – Overturning moments calculated in design of archetype SC-CBFs 
 
Archetype OMD (kip∙in) OMY (kip∙in) OMelastic (kip∙in) OMDBE (kip∙in) 
4-story 182,000 354,000 1,359,000 359,000 
6-story 188,000 385,000 2,493,000 386,000 
9-story 336,000 587,000 4,252,000 534,000 
12-story 608,000 796,000 6,223,000 800,000 
15-story 1,068,000 1,316,000 8,367,000 1,300,000 
18-story 1,830,000 2,135,000 10,662,000 2,096,000 
6E-story 174,000 285,000 2,493,000 279,000 
9E-story 281,000 387,000 4,252,000 366,000 
12E-story 443,000 540,000 6,223,000 520,000 
15E-story 608,000 817,000 8,367,000 706,000 
18E-story 1,264,000 1,427,000 10,662,000 1,371,000 
9EO-story 421,000 557,000 4,252,000 518,000 
4EO-GL-story 216,000 282,000 1,359,000 281,000 
6EO-GL-story 257,000 301,000 2,493,000 297,000 
9EO-GL-story 410,000 446,000 4,252,000 435,000 
12EO-GL-story 497,000 533,000 6,223,000 518,000 
15EO-GL-story 685,000 741,000 8,367,000 709,000 
18EO-GL-story 844,000 925,000 10,662,000 874,000 
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Table 4.80 – Design parameters for archetype SC-CBFs 
 
Archetype 
kelastic  
(kip•in/r
ad) 
kpd 
(kip•in/r
ad) 
αk 
VED 
(kips) 
βE βSC RA RA,D RA,D-Drift 
4-story 2.46e8 1.87e7 0.076 0 0.51 0.35 7.45 5.70 5.70 
6-story 2.35e8 1.38e7 0.058 0 0.36 0.23 13.2 9.15 8.13 
9-story 2.94e8 1.42e7 0.048 0 0.20 0.16 12.7 8.32 6.44 
12-story 3.45e8 1.44e7 0.042 0 0.14 0.12 10.2 6.47 4.63 
15-story 3.59e8 1.92e7 0.054 0 0.11 0.096 7.84 5.03 3.19 
18-story 2.81e8 2.63e7 0.094 0 0.086 0.080 5.83 3.70 1.90 
6E-story 2.14e8 8.27e6 0.039 130 0.52 0.45 14.3 9.74 7.87 
9E-story 2.49e8 6.76e6 0.027 275 0.47 0.45 15.1 9.85 6.76 
12E-story 2.88e8 6.20e6 0.022 525 0.48 0.47 14.0 8.98 5.60 
15E-story 3.57e8 8.06e6 0.023 700 0.45 0.44 13.8 8.73 5.26 
18E-story 3.27e8 1.05e7 0.032 1600 0.46 0.46 8.44 5.38 2.73 
9EO-story 2.57e8 8.65e6 0.034 650 0.46 0.46 10.1 6.61 4.72 
4EO-GL-story 2.54e8 7.17e6 0.028 280 0.47 0.47 6.30 4.62 4.62 
6EO-GL-story 2.43e8 3.28e6 0.014 325 0.46 0.46 9.70 6.64 5.76 
9EO-GL-story 2.98e8 2.23e6 0.0075 550 0.48 0.48 10.4 6.84 5.14 
12EO-GL-story 3.68e8 1.69e6 0.0046 600 0.43 0.43 12.5 8.10 5.73 
15EO-GL-story 4.49e8 2.1e6 0.0047 850 0.45 0.45 12.2 7.75 5.28 
18EO-GL-story 4.61e8 2.52e6 0.0055 1000 0.43 0.43 12.6 8.06 4.85 
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Table 4.81 – Drift and ductility parameters for archetype SC-CBFs 
 
Archetype 
T1,Def 
(sec) 
θD 
(% rad) 
θY,n 
(% rad) 
Cξ∙θDBE,fdd 
(% rad) 
μDBE Cξ 
4-story 0.48 0.074 1.07 1.02 11.39 1.21 
6-story 0.85 0.080 1.59 1.51 16.19 1.16 
9-story 1.33 0.11 1.97 1.52 11.44 1.16 
12-story 1.80 0.18 1.53 1.51 7.36 1.16 
15-story 2.44 0.30 1.66 1.51 4.36 1.16 
18-story 3.41 0.65 1.92 1.66 2.19 1.16 
6E-story 0.94 0.081 1.47 1.35 14.22 1.16 
9E-story 1.52 0.11 1.73 1.38 10.49 1.16 
12E-story 2.10 0.15 1.75 1.39 7.77 1.16 
15E-story 2.57 0.17 2.81 1.39 7.01 1.16 
18E-story 3.45 0.39 1.98 1.41 3.13 1.16 
9EO-story 1.45 0.16 1.79 1.29 6.77 1.16 
4EO-GL-story 0.48 0.085 1.03 0.99 9.68 1.21 
6EO-GL-story 0.87 0.11 1.47 1.32 10.74 1.16 
9EO-GL-story 1.37 0.14 1.79 1.28 7.99 1.16 
12EO-GL-story 1.82 0.13 2.31 1.37 8.73 1.16 
15EO-GL-story 2.25 0.15 2.86 1.32 7.47 1.16 
18EO-GL-story 2.91 0.18 3.42 1.38 6.45 1.16 
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Table 4.82 – Summary of key design parameters for archetype SC-CBFs 
 
Archetype 
Aspect 
Ratio 
(height/
width) 
T1 
(sec) 
T1,Def 
(sec) 
Cξ∙θDBE,fdd 
(% rad) 
βE βSC RA 
WSC-CBF 
(kips) 
Parameters 
Strongly 
Influencing 
Design 
4-story 2.16 0.48 0.48 1.02 0.51 0.35 7.45 46.0 ----- 
6-story 3.20 0.84 0.85 1.51 0.36 0.23 13.2 73.3 Cξ∙θDBE,fdd 
9-story 4.76 1.32 1.33 1.52 0.20 0.16 12.7 157.4 Cξ∙θDBE,fdd 
12-story 6.32 1.78 1.80 1.51 0.14 0.12 10.2 277.8 Cξ∙θDBE,fdd 
15-story 7.88 2.39 2.44 1.51 0.11 0.096 7.84 448.0 Cξ∙θDBE,fdd, 
AMS* 
18-story 9.44 3.30 3.41 1.66 0.086 0.080 5.82 620.5 Cξ∙θDBE,fdd, 
AMS* 
6E-story 3.20 0.93 0.94 1.36 0.52 0.45 14.3 64.5 Cξ∙θDBE,fdd, 
9E-story 4.76 1.50 1.52 1.38 0.47 0.45 15.1 129.7 Cξ∙θDBE,fdd 
12E-story 6.32 2.06 2.10 1.39 0.48 0.47 14.0 228.0 Cξ∙θDBE,fdd 
15E-story 7.88 2.51 2.57 1.39 0.45 0.44 13.8 382.9 Cξ∙θDBE,fdd 
18E-story 9.44 3.34 3.45 1.41 0.46 0.46 8.44 560.1 Cξ∙θDBE,fdd, 
AMS* 
9EO-story 4.76 1.43 1.45 1.29 0.46 0.46 10.1 138.5 βSC 
4EO-GL-story 1.80 0.48 0.48 0.99 0.47 0.47 6.30 41.4 βSC 
6EO-GL-story 2.67 0.86 0.87 1.32 0.46 0.46 9.70 67.2 βSC 
9EO-GL-story 3.97 1.36 1.37 1.28 0.48 0.48 10.4 133.1 βSC 
12EO-GL-story 5.27 1.80 1.82 1.37 0.43 0.43 12.5 226.2 βSC 
15EO-GL-story 6.57 2.21 2.25 1.32 0.45 0.45 12.2 366.1 βSC 
18EO-GL-story 7.87 2.84 2.91 1.38 0.43 0.43 12.6 529.7 AMS* 
*AMS = Available Member Sizes 
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Figure 4.1 – Floor plan layout for SC-CBF archetype structures 
 
 
Figure 4.2 – Elevation view schematic of typical SC-CBF with lateral load bearings 
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Figure 4.3 – Elevation view of schematic of top of typical SC-CBF showing distribution 
strut layout for (a) even number of stories and (b) odd number of stories 
 
Figure 4.4 – Elevation view schematic of SC-CBF without lateral load bearings 
 
(a) 
(b) 
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Figure 4.5 – SADS used to determine the seismic loads for archetype SC-CBF structures 
 
 
       
Figure 4.6 – Schematic of linear elastic analysis model used for design of archetype SC-
CBFs 
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(a) 
 
(b) 
Figure 4.7 – (a) Variation of first mode period with height of SC-CBF and (b) variation 
of first mode period with SC-CBF aspect ratio (height/width) 
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Figure 4.8 – Plot of modal overturning moment ratio (OMMR,n) for the 4, 6, 9, 12, 15, and 
18-story archetype SC-CBFs 
 
 
Figure 4.9 – Plot of modal overturning moment ratio (OMMR,n) for the 6E, 9E, 12E, 15E, 
and 18E-story archetype SC-CBFs 
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Figure 4.10 – Plot of modal overturning moment ratio (OMMR,n) for the 4EO-GL, 6EO-
GL, 9EO-GL, 12EO-GL, 15EO-GL, 18EO-GL-story archetype SC-CBFs 
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CHAPTER 5 
NUMERICAL SIMULATION MODELS FOR TIME-HISTORY ANALYSES 
 
The seismic performance of the archetype SC-CBF designs in Chapter 4 was evaluated 
through time-history analyses.  This chapter describes nonlinear numerical simulation 
models used in time-history analyses and compares results from laboratory experiments 
with nonlinear numerical simulation model responses to validate the model.   
5.1 Development of Nonlinear Numerical Model 
5.1.1 OpenSees Analysis Software 
The numerical models used in the time-history analyses were developed in OpenSees 
(Mazzoni et al. 2009).  OpenSees is an open source nonlinear dynamic analysis software 
package capable of static and dynamic analysis of structures.  OpenSees has many 
options for modeling nonlinear behavior (material and geometric).   
5.1.2 Model Details 
The nonlinear numerical simulation models used in this research are two dimensional 
(planar) models.  Out-of-plane effects are not considered, except for brace buckling in 
some cases.  When brace buckling is considered, the elements used to model the braces 
are oriented so that minor axis buckling occurs in the plane of the model. 
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5.1.2.1 Member Configuration and Modeling 
A schematic of the nonlinear numerical simulation model layout for SC-CBFs with 
lateral load bearings is shown in Figure 5.1.  Element types used to model SC-CBFs with 
lateral load bearings is shown in Figure 5.2.  The SC-CBF braces are arranged in an “x” 
configuration where the bottoms of the first story braces are attached to the base of the 
SC-CBF columns.  A gravity column located adjacent to each SC-CBF column.  A lean-
on column, which models the gravity system tributary to the SC-CBF, is connected to the 
adjacent gravity columns.  Lateral load bearings are located at each floor between the SC-
CBF column and the adjacent gravity column.  A vertical distribution strut used to 
transfer the large concentrated force from the PT steel to the braces over several stories is 
located at the center of the SC-CBF in the top one or two stories.  A horizontal base strut 
is located between the bases of the SC-CBF columns and is used to transfer shear from 
the uplifted SC-CBF column to the SC-CBF column in contact with the foundation.   
A schematic of the numerical numerical simulation model layout for the SC-CBFs 
without lateral load bearings is shown in Figure 5.3.  In this model, the lean-on column is 
connected directly to both SC-CBF columns. 
Figure 5.2 shows element types for the numerical model with lateral load bearings while 
Figure 5.4 shows the element types for the numerical model without lateral load bearings.  
All SC-CBF members were modeled using either flexibility based beam-column elements 
with fiber sections (labeled forceBeamColumn in Figures 5.2 and 5.4) or elastic beam-
column elements.  The flexibility based beam-column element is a nonlinear element that 
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considers the spread of plasticity along the length of the element (Mazzoni et al, 2009).  
Three integration points based on Gauss-Lobatto quadrature were used along the element 
length in the flexibility based beam-column elements with fiber sections.   
Each flexibility based beam-column element used to model the SC-CBF members has a 
fiber section to model cross-section and material properties.  The fiber section models the 
spread of plasticity through the depth of the member cross-section.  A fiber section is 
constructed by assigning discrete fibers to a location in a two dimensional (2D) plane.  
Each fiber has an area and a uniaxial material property.  The flanges of each wide flange 
shape used as an SC-CBF member were discretized into 12 fibers across the width and 4 
fibers through the thickness.  The web of each wide flange shape was discretized into 12 
fibers along the depth of the web and 4 fibers through the thickness of the web.  Figure 
5.5 shows how these wide flange shapes are discretized into fibers.  The material model 
assigned to each fiber for the SC-CBF members in this research is an elastic material 
model.  Although a fiber section is not needed if the material is kept elastic, this modeling 
approach is used to create a nonlinear numerical simulation model that may be used for 
cases where the material is nonlinear. 
The gravity columns tributary to the SC-CBF, other than the gravity columns 
immediately adjacent to the SC-CBF columns in SC-CBFs with lateral load bearings, are 
modeled as a single column with the combined cross-sectional properties (e.g. total 
moment of inertia, total area) of the individual columns.  There are 49 gravity columns in 
the archetype SC-CBF structures with lateral load bearings (see Figure 4.1) and 41 
gravity columns in the archetype SC-CBF structures without lateral load bearings. 
158 
 
For SC-CBFs with lateral load bearings, the two gravity columns adjacent to the SC-CBF 
are modeled explicitly in the nonlinear numerical simulation model.  The remaining 
gravity load columns (49-4∙2 = 41) are modeled by the lean-on column. The number of 
gravity load columns braced by one SC-CBF is 41/4 = 10.25 columns.  Therefore, the 
lean-on column in the nonlinear numerical simulation model for all SC-CBFs has cross-
sectional properties equal to 10.25 times the properties of one gravity column.  The cross-
sectional properties of the lean-on column were determined assuming half of the 10.25 
gravity columns were oriented in the strong axis direction and half were in the weak axis 
direction.  The shear area for gravity columns oriented in the strong axis direction was 
taken as the depth of the wide flange shape times the thickness of the web.  The shear 
area for gravity columns oriented in the weak axis direction was taken as two times the 
flange width times the flange thickness.  Once the properties of the combined gravity 
columns were determined, a section was created with these properties and assigned to the 
flexibility based beam-column elements modeling the lean-on column. 
There are short extensions from the SC-CBF columns and the adjacent gravity columns 
attaching to the lateral load bearing elements between the SC-CBF and adjacent gravity 
column.  These extensions are modeled with elastic beam-column elements with solid 
rectangular steel cross-sections with a width of 8 in and a depth of 24 in.  Elastic beam-
column elements model axial and bending interaction but do not consider plasticity. 
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5.1.2.2 Lateral Load Bearings  
Many of the archetype SC-CBFs use lateral load bearings.  Lateral load bearings perform 
three important functions.  First, the lateral load bearings transfer lateral wind and 
seismic forces from the gravity system and floor diaphragm to the SC-CBF.  Second, the 
lateral load bearings allow the SC-CBF to rock on its foundation without uplifting and 
damaging the floor diaphragm.  Third, the lateral load bearings provide energy 
dissipation through friction.   
Figure 5.6 is a schematic lateral load bearing detail.  A steel bearing plate or “knuckle” is 
attached to the gravity column adjacent to the SC-CBF.  A wearing plate (brass, steel, or 
some other material) is attached to the SC-CBF column.  There is a small initial gap 
between the knuckle and the wearing plate.  As lateral load is applied to the structure the 
gap closes and a contact force between the knuckle and the wearing plate develops.  A 
frictional force develops in the lateral load bearing normal to the direction of the contact 
force.  When the SC-CBF rocks, the wearing plate moves vertically relative to the 
knuckle dissipating seismic energy through friction. 
The lateral load bearings are modeled using a friction-contact-gap element.  This element 
was coded at Lehigh University and added to a local compilation of the OpenSees 
program.  The friction-contact-gap element models friction behavior using a modified 
Mohr-Coulomb friction model.  Mohr-Coulomb friction assumes that the friction force is 
directly proportional to the normal force.  In Mohr-Coulomb friction, the frictional force 
is μ times the normal force, where μ is the coefficient of friction for the two materials in 
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contact with one another.  The modifications to the Mohr-Coulomb friction model adds 
friction stiffness and contact stiffness to the model.  The friction stiffness provides a 
sloped transition between the positive and negative friction force.  The contact stiffness 
controls the amount of deformation in the friction-contact-gap element in the gap 
direction after the gap has closed and the contact force increases. 
5.1.2.3 Post-Tensioning and Anchorage  
The post-tensioning (PT) bars of the archetype SC-CBFs are modeled by a single 
flexibility based beam-column element spanning from the center node of the roof beam to 
an anchorage node below the base elevation of the SC-CBF.  These nodes are denoted as 
b and c, respectively in Figures 5.1 through 5.4.  The section used to model the PT bars 
has significant capacity in the axial direction, but has negligible capacity for bending and 
shear.  The material modeling the axial load in the PT bars is bilinear elastic-plastic with 
a post yield modulus equal to 2% of the elastic modulus.  The yield strength of the PT 
bars is 120 ksi and the elastic modulus is 29700 ksi. 
The PT bars are anchored at a node located at the center of the SC-CBF at the roof level 
and at a node 36 in below the base elevation of the SC-CBF as shown in Figures 5.1 and 
5.3.  The 36 in PT bar length below the base elevation represents the free length of PT bar 
that would be present in the anchorage block of a constructed SC-CBF.  A flexibility 
based beam-column element runs from a node at the base elevation of the SC-CBF (node 
a in Figures 5.1 through 5.4), to a node 36 in below the SC-CBF base elevation (node b 
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in Figures 5.1 through 5.4).  This element has a very large axial stiffness and is used 
when applying the initial prestress force to the PT bars. 
A zero length element connects the PT bar element and the 36 in long element at node b.  
A zero length element in OpenSees is an element defined by two nodes with the same 
coordinates (Mazzoni et al. 2009).  A zero length element is given a material definition 
which represents the force-deformation relationship for the element (Mazzoni et al. 
2009).  The material definition for the zero length element at node b has negligible tensile 
capacity and is elastic in compression with a stiffness of 29700 kips/in.  This material 
definition prevents the PT bars from carrying compressive force and allows the the PT 
bars to go slack after significant yielding. 
5.1.2.4 Boundary Conditions  
Figure 5.7 shows a schematic of the boundary conditions for the nonlinear numerical 
simulation model with lateral load bearings.  There are seven locations where boundary 
conditions are applied.  These locations are: one location at the base of the lean-on 
column , two locations at the bases of the gravity columns adjacent to the SC-CBF 
columns, two locations at the bases of the SC-CBF columns and two locations at the base 
anchorage of the PT bars.  The boundary condition at the base of the lean-on column is a 
“pin” condition where the vertical and horizontal displacement were restrained, but the 
rotation was not.  The bases of the gravity columns adjacent to the SC-CBF columns also 
were pinned.   
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The boundary conditions at the base of the SC-CBF columns model the vertical and 
horizontal gap and contact conditions that are present at different times throughout an 
analysis.  This gap and contact condition is modeled with two zero length elements at 
each SC-CBF column base.  One zero length element models the vertical gap and contact 
condition, while the other zero length element models the horizontal gap and contact 
condition.  The material definition for the zero length elements at the SC-CBF column 
bases has a positive stiffness in the direction of increased foundation loading while the 
stiffness in the opposite direction is very small.  This material model effectively forms a 
linear elastic-gap material.  The contact stiffness in the direction of increasing foundation 
load is specified as a multiple of the first story SC-CBF column axial stiffness (e.g. 
2*axial stiffness).  The contact stiffness is specified in this manner because the stiffness 
of the foundation is likely to be proportional to the applied load.  Therefore, a 9-story SC-
CBF, which has larger and axially stiffer first story columns, would have a stiffer 
foundation than a 4-story SC-CBF. 
The element running from nodes a to b in the nonlinear numerical simulation model is 
restrained in the vertical, horizontal, and rotational directions at node a forming a “fixed” 
condition.  At node b the element is restrained in the horizontal and rotational directions.   
When supplemental energy dissipation devices were used (explained later in Section 
5.1.2.10), boundary conditions were applied at the bottom of each supplemental energy 
dissipation device.  Vertical and horizontal translations and rotation were restrained at the 
base of the supplemental energy dissipation device. 
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Figure 5.8 shows a schematic of the boundary conditions for the nonlinear numerical 
simulation model without lateral load bearings.  This model also has seven locations 
where boundary conditions are applied.  These locations are: one location at the base of 
the lean-on column, two locations at the bases of the SC-CBF columns, two locations at 
the base anchorage of the PT bars, and two locations at the base of the energy dissipation 
elements that run vertically along the first story SC-CBF columns.  The boundary 
conditions at the base of the lean-on column, at the base of the SC-CBF columns, and at 
the anchorage of the PT bars are the same as in the model with lateral load bearings.  The 
boundary conditions at the base of the energy dissipation elements that run vertically 
along the first story SC-CBF columns were restrained in the vertical, horizontal, and 
rotational directions.   
5.1.2.5 Connection between Lean-On Column and SC-CBF  
In the nonlinear numerical simulation model with lateral load bearings, the lean-on 
column is constrained at each floor level to both gravity columns adjacent to the SC-CBF 
columns using an equal degree-of-freedom (DOF) constraint.  For the numerical model 
without lateral load bearings, the lean-on column is constrained directly to both SC-CBF 
columns.  The equal DOF constrains the displacement or rotation of a “slave” node to a 
“master” node.  In the nonlinear numerical simulation model, the lateral DOF of the 
nodes of the gravity column adjacent to the SC-CBF column (with lateral load bearings), 
or the nodes of the SC-CBF columns (without lateral load bearings) are constrained to the 
nodes of the lean-on column at each floor. 
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5.1.2.6 Seismic Mass  
The seismic mass of each floor for the archetype SC-CBFs is given in Chapter 4.  The 
seismic mass is assigned to the lateral DOF of the lean-on column node at each floor in 
the nonlinear numerical simulation models.   
A small mass is applied to the vertical and horizontal degrees-of-freedom of the center 
node of the SC-CBF at each floor for numerical stability of the nonlinear numerical 
simulation models.  This mass is proportional to the mass on the lean-on column and the 
sum of the mass applied to the center nodes of the SC-CBF is equal to the mass of the 
SC-CBF. 
5.1.2.7 Gravity Loads 
Gravity loads corresponding to the seismic mass and braced by the SC-CBF for each 
floor, are applied to the lean-on column in the nonlinear numerical simulation model for 
SC-CBFs without lateral load bearings (see Figure 5.1).  No gravity load, other than the 
self-weight of the SC-CBF, is applied to the SC-CBF members for the archetype SC-
CBFs without lateral load bearings.  No gravity load is applied to the SC-CBF members 
because the connection details between the floor diaphragm and the SC-CBF (Figure 5.6) 
prevent gravity load from being transferred from floor beams to the SC-CBF.  Gravity 
load is also not applied to the adjacent gravity columns, but instead, the gravity load 
carried by these columns was included with the gravity loads on the lean-on column. 
For SC-CBFs without lateral load bearings, the floor beams attach directly to the SC-CBF 
columns.  Therefore, the gravity loads tributary to the SC-CBF columns were applied on 
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the SC-CBF columns (Fi,C in Figure 5.3).  The remaining gravity load corresponding to 
the seismic mass and braced by the SC-CBF for each floor (Fi
*
 = Fi – 2∙Fi,C, where Fi is 
the total gravity load braced by the SC-CBF at floor i), is applied to the lean-on column.   
5.1.2.8 Second Order Effects 
Global and local second order effects are included in the nonlinear numerical simulation 
models.  Global second order effects are included using a corotational geometric 
transformation.  The corotational geometric transformation updates the coordinate system 
of each member in the deformed geometry and thus removes rigid body motion from the 
displacements (Urthaler and Reddy 2005).  Second order effects are accounted for by 
considering equilibrium about the rotated chord of an element.  Local second order 
effects are included by subdividing each member of the SC-CBF into either 4 elements or 
8 elements (only the beams have 8 elements) which have the corotational geometric 
transformation.   
5.1.2.9 Damping  
The inherent damping of the archetype SC-CBF building is modeled using Rayleigh 
damping.  OpenSees applies Rayleigh damping at either the nodal or element level.  In 
the nonlinear numerical simulation models Rayleigh damping is applied at the element 
level.  Rayleigh damping is applied to the SC-CBF beams, SC-CBF braces, SC-CBF 
columns, the lean-on column, and for the numerical model with lateral load bearings, the 
gravity columns adjacent to the SC-CBF columns.  The PT bar element and other 
elements are not damped.  The damping in the first and third modes was specified as 
166 
 
2.6% and 6.1%, respectively.  These values of modal damping for the first and third 
mode match the modal damping previously used in laboratory testing of an SC-CBF 
(Roke et al. 2010).   
In OpenSees, the stiffness proportional part of the Rayleigh damping matrix may be 
determined using the initial stiffness, the current tangent stiffness, or the tangent stiffness 
at the last converged step (committed stiffness).  If the initial stiffness is used to 
determine the Rayleigh damping matrix and a corotational geometric transformation is 
used for some elements in the model, then significant errors can result due to 
inconsistencies between the stiffness matrix and the damping matrix.  Therefore, the 
nonlinear numerical simulation models used either the current tangent stiffness or a 
combination of the current tangent stiffness and the committed stiffness for the Rayleigh 
damping matrix.  The committed stiffness was typically used for the SC-CBF braces and 
distribution strut, while the current tangent stiffness was typically used for the SC-CBF 
beams, columns and base strut. 
5.1.2.10 Member Material Nonlinearity and Buckling  
In this research the response of an archetype SC-CBF is, in some cases, compared to the 
response of a conventional CBF.  The conventional CBF is modeled using a nonlinear 
numerical simulation model similar to the model used for SC-CBFs, but the CBF model 
has fixed column bases, and includes member material nonlinearity and brace buckling.  
In the nonlinear numerical simulation model for conventional CBFs the fiber sections 
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modeling the CBF beams, braces, and columns are assigned a nonlinear material model.  
The lean-on column remains elastic.   
The nonlinear material model assigned to the fiber sections modeling the CBF beams, 
braces, and columns is the Steel02 material model in OpenSees.  The Steel02 material 
model is a Guiffre-Mennegotto-Pinto material model with isotropic strain-hardening 
(Mazzoni et al. 2009).  The material model input parameters include: the yield strength 
(Fy), the initial elastic tangent (E0), the strain-hardening ratio (b), several parameters that 
control the transition from the elastic to the post-yield branches (R0, CR1, CR2), as well 
as some optional parameters that control isotropic hardening (Mazzoni et al. 2009). 
The values used assigned the Steel02 material model parameters are as follows.  The 
nonlinear material yield strength was 50 ksi, the initial elastic tangent was 29000 ksi, and 
the strain hardening ratio was 0.003.  The parameters CR1 and CR2 were kept at the 
values recommended by Mazzoni et al. (2009) (0.925 and 0.15 respectively) and R0 was 
set as 19.0.  An example of the behavior of the Steel02 material model with these values 
is shown in Figure 5.9 by subjecting a 1 in
2
 steel bar to an imposed displacement pattern 
and plotting the force-deformation response.  Note that the Steel02 material model does 
not model degradation and therefore will not capture the descending branch of a material 
stress-strain curve or fracture. 
Uriz et al. (2008) suggested the use of the corotational geometric transformation along 
with flexibility based beam-column elements incorporating fiber sections to accurately 
model global buckling behavior in OpenSees.  The axial force member is subdivided into 
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multiple segments.  An initial imperfection is applied at the mid-span of the axial force 
member.  Uriz et al. (2008) recommended an imperfection of 0.05-0.1% of the brace 
length.  This approach to modeling brace buckling is used in the nolinear numerical 
simulation model for some conventional CBFs.  Low-cycle fatigue and fracture are not 
modeled.  The initial imperfection used when modeling buckling was 0.075% to 0.1% of 
the brace length.  Note that the tolerance given by AISC 360-05(AISC 2005b) for 
maximum column out-of-straightness between bracing points is 0.1% times the distance 
between bracing points. 
Braced frames designed using wide flange shapes for braces often have the braces 
oriented so that weak-axis buckling of the brace occurs out of the plan of the braced 
frame.  If the numerical model of the braced frame models this out-of-plane brace 
buckling behavior in three dimensions, then the complexity of the model is significantly 
increased.  However, this type of weak axis buckling of the brace can be treated as in-
plane behavior by making the ends of the brace “pin” connections and rotating the fiber 
section modeling the wide flange shape 90 degrees.  This approach enables the nonlinear 
numerical simulation model to be a 2-D model while modeling global weak axis buckling 
of the braces.  One disadvantage of modeling brace buckling in this manner is that any 
restraint of the brace from the brace end gusset plates is not modeled.  Not including the 
gusset plate restraint was judged to be acceptable for the purposes of this research. 
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5.1.2.11 Supplemental Energy Dissipation Devices 
Some archetype SC-CBF designs were designed with supplemental energy dissipation 
devices located at the first story of the SC-CBF.  In the design of these archetype SC-
CBFs these supplemental energy dissipation devices were assumed to have a constant 
force-deformation behavior, similar to some friction damping devices.  However, in 
practice it can be difficult to reliably achieve the expected friction force in a friction 
damping device.  Therefore, other energy dissipation devices, such as buckling restrained 
braces (BRBs), may be more desirable choices for added energy dissipation.  The force-
deformation behavior of BRBs, was judged to be reasonably close to the design 
assumption, although the Baushiner effect in the BRB results in reduced energy 
dissipation per cycle.  Therefore, when supplemental energy dissipation elements are 
included in the design of an archetype SC-CBF, they are modeled in the nonlinear 
numerical simulation model as a conventional BRB, as follows. 
The energy dissipation elements are attached to each SC-CBF column at the first floor 
beam to column node and at a node at the base elevation at the centerline of each SC-
CBF column.  The energy dissipation elements have a vertical orientation.   
The supplemental energy dissipation elements are modeled using a corotational truss 
element.  The Guiffre-Mennegotto-Pinto material model described in Section 5.1.2.10 is 
used with a yield stress of 42 ksi.  The area of the corotational truss element is the design 
energy dissipation force, VED, divided by 42 ksi.  Deterioration due to low-cycle fatigue is 
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not modeled.  The behavior of a supplemental energy dissipation element is demonstrated 
in Figure 5.10.   
5.1.2.12 Application of Loads and Gap in Lateral Load Bearings 
Three sets of loads are applied to the SC-CBF and lean-on column before the start of a 
time-history analysis.  These loads are (1) the prestress force in the PT steel (2) the 
weight of the gravity loads braced by the SC-CBF, and (3) the weight of the SC-CBF 
itself.  The prestress force is applied first.  The prestress force is applied to the PT steel 
indirectly by applying an axial load to the stiff 36 in element below the base elevation of 
the SC-CBF.  An axial extension force was applied to lengthen the 36 in element by the 
amount necessary to impose the appropriate prestress force in the PT bar element.  The 
force applied to the 36 in element is held constant throughout an entire analysis.  After 
the prestress force is applied to the PT bar element, the gravity load braced by the SC-
CBF was applied to the lean-on column.  The self-weight of the SC-CBF is then applied.  
The gap size in the lateral load bearings changes as the PT bar prestress force and SC-
CBF weight are applied to the numerical model.  This change in gap size is due to 
contraction or expansion of the beams under applied load.  Generally, all of the SC-CBF 
beams expand (grow in length), except for the beam at the roof level, which contracts 
(shortens in length) when the PT bar prestress force and SC-CBF weight are applied.  At 
the floors where the beam expands, the initial gap size in the lateral load bearings is set so 
the final gap size is the intended gap size (usually about 0.02 in) after the PT bar prestress 
force and SC-CBF weight are applied.  At the floors where the beam contracts (generally 
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only the roof beam), the initial gap size was set to the intended gap size before the PT bar 
prestress force and SC-CBF weight were applied.  This method of setting the gap size for 
contracting beams means that the final gap size (at the beginning of the dynamic analysis) 
is a larger than the intended gap size.  This larger gap size is allowed because the friction-
contact-gap element modeling the lateral load bearings will not correctly account for a 
“negative” initial gap condition, which would be required for some of the contracting 
floor beams to make the final gap size equal to the intended gap size. 
5.1.2.13 Integrator, Solution Algorithm, and Equilibrium Test  
The integration algorithm used in the time-history analyses is the Newmark-Beta method 
with constant average acceleration.  This time-stepping numerical integration scheme is 
unconditionally stable (Chopra 2007).  The nonlinear Krylov-Newton solution algorithm 
was used for the state determination at each step.  The Krylov-Newton algorithm uses the 
modified Newton method with a Krylov subspace accelerator to speed convergence 
(Mazzoni et al. 2009).  The modified Newton method uses the tangent stiffness from the 
initial iteration of the analysis step instead of updating the tangent stiffness at each 
iteration (Mazzoni et al. 2009).   
The Krylov-Newton algorithm breaks the displacement increment (V) into two parts.  
The first displacement component (w) “advances the solution with a bias, determined by 
least-squares analysis, toward the DOFs [degrees-of-freedom] where the largest changes 
in state occur, as measured by the change in nodal displacements at previous iterations” 
using a Newton-Raphson (initial tangent) algorithm (Scott and Fenves 2010).  “The 
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second displacement component [q], uses a modified Newton computation to advance the 
iteration further toward equilibrium at DOFs where there are smaller changes in the 
residual” (Scott and Fenves 2010).      
The solution algorithm needs a method of determining if the numerical model has 
reached an equilibrium state before moving on to the next step.  In OpenSees there are a 
number of equilibrium tests that can be used.  The test used in the nonlinear numerical 
simulation model was usually the NormUnbalance test.  The NormUnbalance test “uses 
the norm of the right hand side of the matrix equation to determine if convergence has 
been reached” (Mazzoni et al. 2009).  The “right hand side of the matrix equation” is the 
unbalanced forces of the structural system.  The tolerance for the NormUnbalance was 
typically 0.001.  This means the value of the norm of the unbalanced forces must be less 
than 0.001 in order for the analysis step to be considered to have converged.  The solution 
algorithm must converge (NormUnbalance < 0.001) within a specified number of 
iterations.  If the algorithm does not converge within the specified number of iterations 
then a time step-cutting technique discussed in Section 5.1.2.14 was used.  In a few cases 
the tolerance was also increased so that the model would converge during the analysis. 
5.1.2.14 Ground Motions and Time-History Analysis  
The response of the nonlinear numerical simulation model to a ground motion 
acceleration record is determined using time-history analysis.  The ground motions used 
in this research are generally recorded at time steps ranging from 0.0025 seconds to 0.02 
seconds.  To avoid poor accuracy (see Chopra 2007), it was decided that the maximum 
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time step would be 0.005 seconds.  This time step is more than ten times smaller than the 
modal periods for the first four modes for all the archetype SC-CBFs to ensure that the 
error from numerical integration is small.  Therefore, if a ground motion acceleration 
record has a time step larger than 0.005 seconds it is resampled using linear interpolation 
of the acceleration record. 
If the solution algorithm did not meet the equilibrium requirements during the specified 
number of iterations (see Section 5.1.2.13), then the time step is cut in half during the 
analysis.  This cut in the time step is done repeatedly until the solution algorithm is able 
to converge or the time step reaches a limit of the original time step divided by 2
25
.  If the 
limit on time step reduction is reached and the solution algorithm does not converge, then 
the analysis stops.  If the solution is able to converge at a reduced time step then further 
time steps are fractionally increased to get back to the full time step.  The analysis 
continues to the next full time step until the entire ground motion record is complete. 
At the end of each ground motion time-history there may be residual inertial forces acting 
on the SC-CBF.  To bring the SC-CBF to a static, at rest, condition two techniques are 
used.  The first technique is to pad the end of the ground motion with several seconds of 
zero acceleration to allow the SC-CBF to vibrate freely to “rest”.  The second technique 
attempts to remove any remaining inertial forces acting on the SC-CBF at the end of the 
time-history. 
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5.2 Verification of Nonlinear Numerical Simulation Model Behavior 
The response of the nonlinear numerical simulation model was studied to verify specific 
aspects of the model.  The specific aspects that were studied were: equilibrium, PT bar 
behavior, lateral load bearing behavior, material nonlinearities, and brace buckling 
behavior.  These aspects were verified using the 4-story and 6-story archetype SC-CBFs 
from Chapter 4.   
The ground motion applied to the 4-story archetype SC-CBF for verifying the nonlinear 
numerical simulation model is from the 1989 Loma Prieta earthquake.  The recording 
station is the Alameda Naval Air Station Hangar and the component is the NAS270 
component.  The scale factor is 3.03.   
The ground motion applied to the 6-story archetype SC-CBF for verifying the nonlinear 
numerical simulation model is from the 1994 Northridge earthquake.  The recording 
station is the Newhall Fire Station and the component is the NWH090 component.  The 
scale factor is 1.5. 
5.2.1 Model Equilibrium 
The 4-story archetype SC-CBF response was used to check equilibrium in the nonlinear 
numerical simulation model.  An elastic material was used for the SC-CBF members, but 
the PT bars were allowed to yield.  Figure 5.11 shows a plot of the base overturning 
moment versus roof drift from the analysis.  Significant yielding of the PT steel occurred 
during the analysis. 
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Figure 5.12 is a time-history of the difference between the sum of the horizontal reactions 
at the boundaries (i.e., the base shear) and the sum of the lateral restoring forces.  The 
difference (equilibrium error) is very small relative to the magnitude of the reactions.  
The numerical model is in equilibrium according to this check. 
Vertical equilibrium of the numerical model was checked by taking the difference 
between the sum of the vertical reactions the sum of the applied vertical forces.  The 
applied vertical forces included the gravity load applied to the lean-on column at each 
floor, the self-weight of the SC-CBF, and the mass at the center node of the SC-CBF 
times the vertical acceleration of the center node of the SC-CBF.  A time-history plot of 
this difference is shown in Figure 5.12.  The difference (equilibrium error) is very small 
relative to the magnitude of the applied forces.  
5.2.2 Post-Tensioning Bar Behavior  
The 4-story archetype SC-CBF response was used to verify the behavior of the PT steel.  
An elastic material was used for the SC-CBF members, but the PT bars were allowed to 
yield.   
Figure 5.14 shows a time-history of the PT bar force.  The PT bar yield force is 1500 
kips.  The PT bars yielded at around 12 seconds into the ground motion record and 
yielded again at around 12.5 seconds.  The permanent deformation in the PT bars was 
significant enough that all of the initial prestress force was lost, resulting in a gap (i.e., 
slack) at the base anchorage of the PT steel.  This gap is evident in Figure 5.15, which 
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shows the vertical deformation of the zero length element at the base of the PT bars 
versus time.   
As further verification of PT bar behavior, a plot of PT bar force versus PT bar 
deformation is shown in Figure 5.16.  The initial slope and post-yield slope were verified 
with the input values. 
5.2.3 Evaluation of Lateral Load Bearing Behavior 
The 4-story archetype SC-CBF response was used to verify the behavior of the lateral 
load bearings.  The friction coefficient (μ) used in the friction-contact-gap elements used 
to model the lateral load bearings is 0.5. 
The friction force versus normal force from the fourth floor left lateral load bearing is 
shown in Figure 5.17.  As expected, the friction force is less than or equal to half of the 
normal force (since μ = 0.5).  
Figure 5.18 plots the normal force in the lateral load bearing versus lateral deformation in 
the fourth floor left lateral load bearing.  The slope of the line in the upper right quadrant 
is 12000 kip/in, which matches the input value for the contact stiffness of 12000 kip/in.   
5.2.4 Evaluation of Material Nonlinearities  
The 6-story archetype SC-CBF was used to verify the nonlinear material behavior of the 
SC-CBF members in the numerical model.  The model used for this check had pin-ended 
braces, the member material was the Steel02 material, and the PT bars were allowed to 
yield.   
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During the analysis, the right brace for the fourth story yielded.  The axial force versus 
deformation of the fourth story right brace is shown in Figure 5.19.  The brace size was 
W14x74 which has a cross sectional area of 21.8 in
2
.  Therefore, the yield force is 
expected to be 50 ksi•21.8 in2 = 1090 kips.  From Figure 5.19 the yield force of the brace 
is approximately 1081 kips.  This small difference between the expected and actual yield 
force is due to the approximation of the cross-section area in modeling the wide flange 
shape with a fiber section. 
5.2.5 Brace Buckling Behavior  
The 6-story archetype SC-CBF was used for verification of brace buckling behavior.  The 
braces and the distribution strut were pin-ended, and the wide flange fiber section was 
rotated 90 degrees so that weak axis buckling occurs the plane of the frame, as discussed 
in Section 5.1.2.10.  The initial imperfection at the midpoint of the member was 0.075% 
of the member length.  The material model for the SC-CBF members was the Steel02 
material.  
The brace axial force versus the axial deformation along the chord of the fourth story 
right brace is shown in Figure 5.20a.  The fourth story brace initially buckles at a capacity 
of about 584 kips.  From the AISC Steel Manual (AISC 2005c), the expected unfactored 
capacity for the brace is approximately 625 kips.  The data in Figure 5.20a shows a loss 
of compressive capacity in further deformation cycles as expected.   
In Figure 5.20a, just after initial brace buckling, there is a point of unusual behavior.  At a 
brace deformation of about -0.7 in there is an unexpected increase in the brace force.  The 
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initial time step for the analysis shown in Figure 5.20a was 0.005 seconds.  If the initial 
time step is reduced to 0.001 seconds (Figure 5.20b) then the unexpected increase in the 
brace force after buckling is not observed and the force-deformation response is 
smoother.  The initial buckling load increases to 610 kips.   
To avoid problems with sudden changes in brace stiffness, the ground motion was 
reinterpolated so that the maximum initial time step is 0.0025 seconds or less.  
Additionally, to avoid changes in the stiffness proportional part of the Rayleigh damping 
matrix, the stiffness proportional component of the Rayleigh damping on the braces was 
eliminated when brace buckling was modeled in some numerical simulation models 
(models of conventional (non-rocking) CBFs). 
5.3 Validation of Nonlinear Numerical Simulation Model  
Many laboratory experiments were conducted at Lehigh University on a 4-story, 0.6-
scale SC-CBF that used lateral load bearings with friction for energy dissipation.  
Earthquake ground motions at the DBE and MCE intensity levels were applied to the SC-
CBF using the hybrid simulation technique.  The SC-CBF performed well during the tests 
and the only damage to the SC-CBF was yielding of the PT bars in a few tests (which is 
easily repairable) and damage to brass wearing plates in the lateral load bearings (which 
were replaced).  Information on the testing program at Lehigh University is found in 
Roke et al. (2010), Gonner et al. (2010), and Chancellor et al. (2010). 
Roke et al. (2010) developed a very detailed OpenSees numerical simulation model for 
prediction and comparison of laboratory results.  A schematic of the detailed numerical 
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simulation model from Roke et al. (2010) is shown in Figure 5.21.  An example of the 
predicted floor displacements from the Roke et al. (2010) numerical simulation model 
and the laboratory results for one DBE ground motion are shown in Figure 5.22.  The 
results from the Roke et al. (2010) numerical simulation model compare well with the 
laboratory test data.   
Roke et al. (2010) included extensive detail in the numerical simulation model that was 
specific to laboratory conditions for the 4-story, 0.6-scale SC-CBF test structure.  The 
studies presented in this document required a simpler numerical simulation model that 
omitted laboratory specific conditions and member connection details (gusset plates, 
continuity plates, etc.) and yet represented the response of SC-CBFs to ground motions 
with reasonable accuracy.  To achieve reasonable accuracy while using the simpler 
nonlinear numerical simulation model described in Section 5.1, some important model 
parameters were varied and the response of the nonlinear numerical simulation model 
was compared with laboratory test data.  
5.3.1 Laboratory Test Setup 
The 4-story 0.6-scale SC-CBF test structure was similar in layout to the archetype SC-
CBFs in Chapter 4.  Supplemental energy dissipation devices were not used for most of 
the laboratory tests.  The floor plan of the building corresponding to the 4-story 0.6-scale 
SC-CBF test structure and the elevation of the SC-CBF are shown in Figure 5.23.  
Because of the floor plan symmetry only one SC-CBF was included in the laboratory.  
This SC-CBF was designed and constructed in the laboratory along with the gravity 
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columns adjacent to each SC-CBF column (laboratory substructure).  During the 
earthquake simulations on this test structure, the part of the building with seismic forces 
carried by the SC-CBF and gravity loads braced by the SC-CBF was modeled 
numerically (numerical substructure) using a technique known as hybrid simulation.  
Hybrid simulation is discussed further Section 5.3.2.  Hydraulic actuators were attached 
to the laboratory substructure at each floor and were used to apply the lateral seismic 
loads during the experiments.  A simplified drawing of the laboratory test setup is shown 
in Figure 5.24.  For further details on the laboratory test setup and results of testing see 
Roke et al. (2010), Gonner et al. (2010), and Chancellor et al. (2010).  
5.3.2 Hybrid Simulation 
Hybrid simulation is an earthquake simulation method that requires only part of a 
structure to be in the laboratory, while the rest of the structure is simulated numerically.  
The response of the component in the laboratory (laboratory substructure) is combined 
with the response of the rest of the structure, which is modeled numerically (numerical 
substructure), to determine the total response of the structure during an earthquake.  A 
schematic of this procedure is shown in Figure 5.25.  For more information on hybrid 
simulation see Hybrid Simulation (2008).  The main advantage of hybrid simulation is 
that the entire structure does not have to be represented in the laboratory.  Experiments on 
the 4-story, 0.6-scale SC-CBF, used the hybrid simulation method. 
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5.3.3 Comparison of Nonlinear Numerical Simulation Model Results with 
Experimental Results 
The 4-story 0.6-scale SC-CBF test structure had braces arranged in a chevron 
configuration.  The nonlinear numerical simulation results used for comparison with the 
experimental data are from a model with an x-bracing configuration (similar to those 
used for the archetype SC-CBFs of the present research).  The member sizes in the 
nonlinear numerical simulation model are the same as those used in the SC-CBF test 
structure.  Figure 5.26 compares the layout and member sizes of the SC-CBF test 
structure with the layout and member sizes of the nonlinear numerical simulation model.  
While the difference in layout might change individual peak member forces, global 
response quantities, such as overturning moment and roof drift, should not change 
significantly. 
The following global response quantities are compared between the experimental data 
(labeled “laboratory tests” in the comparison figures) and the nonlinear numerical 
simulation model response (labeled “OpenSees” in the comparison figures): overturning 
moment versus roof drift, roof drift time-history response, overturning moment and base 
shear time-history response, the time-history of gap opening at the base of the SC-CBF 
columns, time-history of PT bar force, and time-histories of the floor displacements.   
The effects of various nonlinear numerical simulation model parameters on the response 
are studied.  The model parameters that are studied are the vertical and horizontal 
stiffness of the foundation at the base of the SC-CBF columns, the lateral load bearing 
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intended gap size, the lateral load bearing gap stiffness and friction stiffness, and the 
friction coefficient in the lateral load bearings. 
The gravity loads and seismic mass of the 4-story 0.6-scale SC-CBF test structure are 
different than the values given in Chapter 4 for the archetype SC-CBFs.  For the 
parametric studies in this section the gravity loads and seismic mass in the nonlinear 
numerical simulation model were adjusted to match the values used in the hybrid 
simulations in the laboratory.  The gravity loads (dead and live loads) from Roke et al. 
(2010) used for the 4-story 0.6-scale SC-CBF test structure are given in Tables 5.1 and 
5.2.  The seismic mass used for the 4-story 0.6-scale SC-CBF test structure in the hybrid 
simulations is given in Table 5.3. 
5.3.3.1 Baseline Nonlinear Numerical Simulation Model 
The model parameters for the baseline nonlinear numerical simulation model, which is 
treated as the control case, are shown in Table 5.4.  The intended gap in the lateral load 
bearings is 0.02 in, the lateral load bearing friction stiffness is 8000 kip/in, the lateral load 
bearing contact stiffness is 8000 kip/in, and the lateral load bearing friction coefficient is 
0.50.  The horizontal contact stiffness for the boundary condition at the base of the SC-
CBF columns, is 0.5 times the axial stiffness of the first story SC-CBF column.  The 
vertical contact stiffness for the boundary condition at the base of the SC-CBF columns, 
is 3.0 times the axial stiffness of the first story SC-CBF column.  The model parameters 
for the baseline nonlinear numerical simulation model were determined after a 
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preliminary study that compared responses from nonlinear numerical simulation models 
with data from laboratory experiments. 
The nonlinear numerical simulation model was subjected to a ground motion from the 
1976 Friuli, Italy earthquake.  The recording station is the Tolmezzo station and the 
component is A-TMZ270.  The scale factor is 2.55.  The time step of the ground motion 
was scaled by (0.6)
1/2
 for similitude with the reduced scale SC-CBF (Roke et al. 2010).  
Figures 5.26 through 5.30 compare experimental (Laboratory Test) data with the 
response from the baseline nonlinear numerical simulation model (OpenSees).  The 
response quantities compared are listed in Section 5.3.3.   
The overturning moment versus roof drift response (Figure 5.27) from the baseline 
nonlinear numerical simulation model is a reasonable approximation of the SC-CBF test 
structure experimental (Laboratory Test) response.  The peak base shear (Figure 5.28) in 
the laboratory test data is slightly over-estimated by the nonlinear numerical simulation 
model, but the overall trend is similar. The roof drift time-history response (Figure 5.29) 
from the nonlinear numerical simulation (OpenSees) model compares reasonably well 
with the laboratory test data up until about 7.5 seconds into the ground motion record.  
After this point the peaks in the response of the nonlinear numerical simulation model are 
reached slightly later than the peaks in the laboratory test data.  This shift in nonlinear 
numerical simulation model response also is present in the overturning moment and base 
shear time-histories.  The time-history response of the gap opening at the base of the SC-
CBF columns (Figure 5.30) for the nonlinear numerical simulation model is similar to the 
laboratory test data.  The local peaks of the PT bar force time-history (Figure 5.31) from 
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the nonlinear numerical simulation model are generally greater than the laboratory test 
data. 
5.3.3.2 Nonlinear Numerical Simulation Model with 0.001 in Gaps in Lateral Load 
Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with intended lateral load bearing gaps changed from 0.02 in to 0.001 in, is compared 
with laboratory test data in Figure 5.32 (overturning moment versus roof drift), Figure 
5.33 (base shear and overturning moment time-histories), Figure 5.34 (roof drift time-
history), Figure 5.35 (SC-CBF column base gap opening time-histories) and Figure 5.36 
(PT bar force time-history). 
The overturning moment versus roof drift response is shown in Figure 5.32.  The 
overturning moment time-history (Figure 5.33) from the nonlinear numerical simulation 
model with 0.001 in gaps correlates fairly well with the laboratory test data, but the base 
shear time-history (Figure 5.33) from the nonlinear numerical simulation model with 
0.001 in gaps is different from the laboratory test data at around 4.5 seconds to 5.5 
seconds.  The roof drift response (Figure 5.34) of the nonlinear numerical simulation 
model with 0.001 in gaps matches the laboratory test data more closely than that of the 
baseline nonlinear numerical simulation model in the later portion of the time-history 
response.  The time-history of the gap opening at the base of the SC-CBF columns 
(Figure 5.35) for the nonlinear numerical simulation model with 0.001 in gaps correlates 
fairly well with the laboratory test data although the peak response for the laboratory test 
185 
 
data is greater.  The time-history of the PT bar force (Figure 5.36) for the nonlinear 
numerical simulation model with 0.001 in gaps correlates well with the laboratory test 
data, but over-estimates the local peaks of the PT bar force response.  The nonlinear 
numerical simulation model with 0.001 in gaps seems to give improved results compared 
to the laboratory test data, but it is doubtful that these very small gaps in the lateral load 
bearings can be achieved consistently in the construction of an SC-CBF. 
5.3.3.3 Nonlinear Numerical Simulation Model with 0.01 in Gaps in Lateral Load 
Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with intended lateral load bearing gaps changed from 0.02 in to 0.01 in, is compared 
with laboratory test data in Figure 5.37 (overturning moment versus roof drift), Figure 
5.38 (base shear and overturning moment time-histories), Figure 5.39 (roof drift time-
history), Figure 5.40 (SC-CBF column base gap opening time-histories) and Figure 5.41 
(PT bar force time-history). 
The base shear time-history response (Figure 5.38) from the nonlinear numerical 
simulation model with 0.01 in gaps is different than the laboratory test data at around 4.5 
seconds to 5.0 seconds.  The shift in the roof drift response (Figure 5.39) from the 
nonlinear numerical simulation model with 0.01 in gaps compared to the laboratory test 
data is not as pronounced as the shift observed for the baseline nonlinear numerical 
simulation model.  The time-history response of the gap opening at the base of the SC-
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CBF columns (Figure 5.40) for the nonlinear numerical simulation model with 0.01 in 
gaps correlates fairly well with the laboratory test data. 
5.3.3.4 Nonlinear Numerical Simulation Model with 0.03 in Gaps in Lateral Load 
Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with intended lateral load bearing gaps changed from 0.02 in to 0.03 in, is compared 
with laboratory test data in Figure 5.42 (overturning moment versus roof drift), Figure 
5.43 (base shear and overturning moment time-histories), Figure 5.44 (roof drift time-
history), Figure 5.45 (SC-CBF column base gap opening time-histories) and Figure 5.46 
(PT bar force time-history). 
The base shear and overturning moment time-history responses (Figure 5.43) from the 
nonlinear numerical simulation model with 0.03 in gaps correlate fairly well with the 
laboratory test data, except from about 7.5 seconds to 8.5 seconds.  The local peaks of the 
roof drift time-history response (Figure 5.44) from the nonlinear numerical simulation 
model with 0.03 in gaps are less than the laboratory test data local peaks throughout most 
of the time-history.  The time-history response of the gap opening at the base of the SC-
CBF columns (Figure 5.45) for the nonlinear numerical simulation model also differs 
from the laboratory test data from about 7 seconds to 9 seconds, as does the time-history 
of the PT bar force (Figure 5.46).  
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5.3.3.5 Nonlinear Numerical Simulation Model with 0.04 in Gaps in Lateral Load 
Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with intended lateral load bearing gaps changed from 0.02 in to 0.04 in, is compared 
with laboratory test data in Figure 5.47 (overturning moment versus roof drift), Figure 
5.48 (base shear and overturning moment time-histories), Figure 5.49 (roof drift time-
history), Figure 5.50 (SC-CBF column base gap opening time-histories) and Figure 5.51 
(PT bar force time-history). 
The base shear and overturning moment time-history response (Figure 5.48) from the 
nonlinear numerical simulation model with 0.04 in gaps correlate well with the laboratory 
test data from about 2.5 seconds to 7.5 seconds and from about 8.5 seconds to 10 
seconds, but at other parts of the time-histories the correlation is not as good.  The roof 
drift response (Figure 5.49) has a similar trend, except from about 8.5 seconds to 10 
seconds each local peak in the nonlinear numerical simulation model response is quite a 
bit less than the local peak in the laboratory test data.  The time-history response of the 
gap opening at the base of the SC-CBF columns (Figure 5.50) for the nonlinear numerical 
simulation model differs significantly from the laboratory test data from about 7 seconds 
to 8.5 seconds. 
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5.3.3.6 Nonlinear Numerical Simulation Model with Friction Coefficient of 0.40 in 
the Lateral Load Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the coefficient of friction in the lateral load bearings changed from 0.50 to 0.40, 
is compared with laboratory test data in Figure 5.52 (overturning moment versus roof 
drift), Figure 5.53 (base shear and overturning moment time-histories), Figure 5.54 (roof 
drift time-history), Figure 5.55 (SC-CBF column base gap opening time-histories) and 
Figure 5.56 (PT bar force time-history). 
The widths of the hysteresis loops in the overturning moment versus roof drift plot 
(Figure 5.52) from the nonlinear numerical simulation model with a friction coefficient of 
0.40 are generally less than the widths of the same hysteresis loops from the laboratory 
test data.  The overturning moment time-history response (Figure 5.53) for the nonlinear 
numerical simulation model is shifted from the laboratory test data from about 7.5 
seconds onward.  Significant differences between the local peaks in the roof drift time-
history response (Figure 5.54) from the nonlinear numerical simulation model and the 
local peaks in the laboratory test data are observed.  Similarly, significant differences 
between the nonlinear numerical simulation model local response peaks and laboratory 
test data local peaks are observed in the SC-CBF column base gap time-histories (Figure 
5.55) and the peak PT bar force time-history (Figure 5.56). 
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5.3.3.7 Nonlinear Numerical Simulation Model with Friction Coefficient of 0.45 in 
the Lateral Load Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the coefficient of friction in the lateral load bearings changed from 0.50 to 0.45, 
is compared with laboratory test data in Figure 5.57 (overturning moment versus roof 
drift), Figure 5.58 (base shear and overturning moment time-histories), Figure 5.59 (roof 
drift time-history), Figure 5.60 (SC-CBF column base gap opening time-histories) and 
Figure 5.61 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.57) from the nonlinear 
numerical simulation model with a friction coefficient of 0.45 is closer to the laboratory 
test data than when the friction coefficient is 0.40.  Both the base shear and overturning 
moment time-histories (Figure 5.58) from the nonlinear numerical simulation model 
differ from the laboratory test data from around 7.5 seconds to 8.5 seconds.  The roof 
drift time-history response (Figure 5.59), the column base gap opening time-histories 
(Figure 5.60) and PT bar force time-history (Figure 5.61) from the nonlinear numerical 
simulation model are also a bit different from the laboratory test data.  Peak values are 
different before 7.5 seconds, and a shift is observed from about 7.5 seconds to 8.5 
seconds.  
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5.3.3.8 Nonlinear Numerical Simulation Model with Friction Coefficient of 0.55 in 
the Lateral Load Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the coefficient of friction in the lateral load bearings changed from 0.50 to 0.55, 
is compared with laboratory test data in Figure 5.62 (overturning moment versus roof 
drift), Figure 5.63 (base shear and overturning moment time-histories), Figure 5.64 (roof 
drift time-history), Figure 5.65 (SC-CBF column base gap opening time-histories) and 
Figure 5.66 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.62) from the nonlinear 
numerical simulation model with a friction coefficient of 0.55 has wider hysteresis loops 
in some cases then the laboratory test data.  The base shear and overturning moment 
time-histories (Figure 5.63) from the nonlinear numerical simulation model correlate 
fairly well with the laboratory test data as do the roof drift (Figure 5.64), SC-CBF column 
base gap opening time-histories (Figure 5.65) and the PT bar force time-histories (Figure 
5.66). 
5.3.3.9 Nonlinear Numerical Simulation Model with Friction Coefficient of 0.60 in 
the Lateral Load Bearings 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the coefficient of friction in the lateral load bearings changed from 0.50 to 0.60, 
is compared with laboratory test data in Figure 5.67 (overturning moment versus roof 
drift), Figure 5.68 (base shear and overturning moment time-histories), Figure 5.69 (roof 
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drift time-history), Figure 5.70 (SC-CBF column base gap opening time-histories) and 
Figure 5.71 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.67) from the nonlinear 
numerical simulation model with a friction coefficient of 0.60 has hysteresis loops that 
are generally wider than those from the laboratory test data.  The base shear and 
overturning moment time-histories (Figure 5.68) from the nonlinear numerical simulation 
model correlate fairly well with the laboratory test data until about 9.2 seconds.  The roof 
drift response (Figure 5.69) from the nonlinear numerical simulation model also differs 
from the laboratory test data quite a bit at the end of the time-history response.  Several 
local peaks in the roof drift response from the laboratory test data are under estimated by 
the nonlinear numerical simulation model.   
5.3.3.10 Nonlinear Numerical Simulation Model with Lateral Load Bearing Friction 
Stiffness of 1000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the friction stiffness in the lateral load bearings changed from 8000 kip/in to 
1000 kip/in, is compared with laboratory test data in Figure 5.72 (overturning moment 
versus roof drift), Figure 5.73 (base shear and overturning moment time-histories), Figure 
5.74 (roof drift time-history), Figure 5.75 (SC-CBF column base gap opening time-
histories) and Figure 5.76 (PT bar force time-history). 
The overturning moment and base shear time-history response (Figure 5.73) from the 
nonlinear numerical simulation model with friction stiffness of 1000 kip/in correlate 
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fairly well with the laboratory test data for the first 9 seconds of response.  After 9 
seconds, the response of the nonlinear numerical simulation model is shifted from the 
laboratory test data.  The roof drift response (Figure 5.74) from the nonlinear numerical 
simulation model follows the same trend as the laboratory test data, but some of the local 
peaks are under-estimated by the nonlinear numerical simulation model.  The SC-CBF 
column base gap opening response (Figure 5.75) from the nonlinear numerical simulation 
model compares fairly well with the laboratory test data, but some of the north column 
base local peak gaps between 3 seconds and 6 seconds were under-estimated by the 
nonlinear numerical simulation model. 
5.3.3.11 Nonlinear Numerical Simlation Model with Lateral Load Bearing Friction 
Stiffness of 4000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the friction stiffness in the lateral load bearings changed from 8000 kip/in to 
4000 kip/in, is compared with laboratory test data in Figure 5.77 (overturning moment 
versus roof drift), Figure 5.78 (base shear and overturning moment time-histories), Figure 
5.79 (roof drift time-history), Figure 5.80 (SC-CBF column base gap opening time-
histories) and Figure 5.81 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.77) from the nonlinear 
numerical simulation model with friction stiffness of 4000 kip/in is similar to the 
laboratory test data.  The overturning moment and base shear time-history response 
(Figure 5.78) from the nonlinear numerical simulation model correlate fairly well with 
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the laboratory test data until about 7.5 seconds into the response.  After 7.5 seconds, the 
response of the nonlinear numerical simulation model is shifted from the laboratory test 
data.  The roof drift time-history (Figure 5.79) has a similar trend.  The SC-CBF column 
base gap opening time-history (Figure 5.80) and the PT bar force time-history (Figure 
5.81) from the nonlinear numerical simulation model is shifted from the laboratory test 
data at the end of the analysis, but is otherwise a similar to the laboratory test data. 
5.3.3.12 Nonlinear Numerical Simulation Model with Lateral Load Bearing Friction 
Stiffness of 12000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the friction stiffness in the lateral load bearings changed from 8000 kip/in to 
12000 kip/in, is compared with laboratory test data in Figure 5.82 (overturning moment 
versus roof drift), Figure 5.83 (base shear and overturning moment time-histories), Figure 
5.84 (roof drift time-history), Figure 5.85 (SC-CBF column base gap opening time-
histories) and Figure 5.86 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.82) from the nonlinear 
numerical simulation model with friction stiffness of 12000 kip/in is similar to the 
laboratory test data.  The overturning moment and base shear time-history response 
(Figure 5.83) from the nonlinear numerical simulation model correlate fairly well with 
the laboratory test data until about 7.5 seconds into the analysis.  After 7.5 seconds, the 
response of the nonlinear numerical simulation model is shifted from the laboratory test 
data.  The roof drift time-history (Figure 5.84) has a similar trend.  The SC-CBF column 
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base gap opening time-history (Figure 5.85) and the PT bar force time-history (Figure 
5.86) from the nonlinear numerical simulation model is shifted from the laboratory test 
data at the end of the analysis, but is otherwise a similar to the laboratory test data. 
5.3.3.13 Nonlinear Numerical Simulation Model with Lateral Load Bearing Friction 
Stiffness of 16000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the friction stiffness in the lateral load bearings changed from 8000 kip/in to 
16000 kip/in, is compared with laboratory test data in Figure 5.87 (overturning moment 
versus roof drift), Figure 5.88 (base shear and overturning moment time-histories), Figure 
5.89 (roof drift time-history), Figure 5.90 (SC-CBF column base gap opening time-
histories) and Figure 5.91 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.87) from the nonlinear 
numerical simulation model with friction stiffness of 16000 kip/in is similar to the 
laboratory test data.  The overturning moment and base shear time-history response 
(Figure 5.88) from the nonlinear numerical simulation model correlate fairly well with 
the laboratory test data until about 7.5 seconds into the analysis.  After 7.5 seconds, the 
response of the nonlinear numerical simulation model is shifted from the laboratory test 
data.  The roof drift time-history (Figure 5.89) has a similar trend.  The SC-CBF column 
base gap opening time-history (Figure 5.90) and the PT bar force time-history (Figure 
5.91) from the nonlinear numerical simulation model is shifted from the laboratory test 
data at the end of the analysis, but is otherwise a similar to the laboratory test data. 
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5.3.3.14 Nonlinear Numerical Simulation Model with Lateral Load Bearing Contact 
Stiffness of 1000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the contact stiffness in the lateral load bearings changed from 8000 kip/in to 
1000 kip/in, is compared with laboratory test data in Figure 5.92 (overturning moment 
versus roof drift), Figure 5.93 (base shear and overturning moment time-histories), Figure 
5.94 (roof drift time-history), Figure 5.95 (SC-CBF column base gap opening time-
histories) and Figure 5.96 (PT bar force time-history). 
The base shear time-history (Figure 5.93) from the nonlinear numerical simulation model 
with contact stiffness of 1000 kip/in does not correlate well with the laboratory test data 
from about 3 seconds to about 8 seconds.  The overturning moment time-history (Figure 
5.93) from the nonlinear numerical simulation model correlates better with the laboratory 
test data than the base shear time-history in the early part of the analysis, but the 
correlation is not very good after 6 seconds.  The roof drift time-history (Figure 5.94) 
from the nonlinear numerical simulation model also does not correlate well with the 
laboratory test data after 6 seconds.  The correlation between the nonlinear numerical 
simulation model responses and the laboratory test data for the SC-CBF column base gap 
opening (Figure 5.95) is fairly good only until about 4.75 seconds into the analysis. 
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5.3.3.15 Nonlinear Numerical Simulation Model with Lateral Load Bearing Contact 
Stiffness of 4000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the contact stiffness in the lateral load bearings changed from 8000 kip/in to 
4000 kip/in, is compared with laboratory test data in Figure 5.97 (overturning moment 
versus roof drift), Figure 5.98 (base shear and overturning moment time-histories), Figure 
5.99 (roof drift time-history), Figure 5.100 (SC-CBF column base gap opening time-
histories) and Figure 5.101 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.97) from the nonlinear 
numerical simulation model with contact stiffness of 4000 kip/in is similar to the 
laboratory test data.  The overturning moment and base shear response (Figure 5.98) from 
the nonlinear numerical simulation model correlate well with the laboratory data for most 
of the time-history.  The significant difference between the laboratory test data and 
nonlinear numerical simulation model response is around 7.5 seconds to 8.5 seconds.  
The roof drift response (Figure 5.99) from the numerical model also correlates well with 
the laboratory data until about 7.5 seconds, after which the response of the nonlinear 
numerical simulation model deviates some from the laboratory test data.  The 
comparisons of the SC-CBF column base gap opening responses (Figure 5.100) and PT 
bar force response (Figure 5.101) between the nonlinear numerical simulation model and 
the laboratory test data are similar to the roof drift response.   
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5.3.3.16 Nonlinear Numerical Simulation Model with Lateral Load Bearing Contact 
Stiffness of 12000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the contact stiffness in the lateral load bearings changed from 8000 kip/in to 
12000 kip/in, is compared with laboratory test data in Figure 5.102 (overturning moment 
versus roof drift), Figure 5.103 (base shear and overturning moment time-histories), 
Figure 5.104 (roof drift time-history), Figure 5.105 (SC-CBF column base gap opening 
time-histories) and Figure 5.106 (PT bar force time-history). 
The overturning moment and base shear response time-histories (Figure 5.103) from the 
nonlinear numerical simulation model with contact stiffness of 12000 kip/in correlate 
very well with the laboratory data until about 9.5 seconds.  After 9.5 seconds, the 
nonlinear numerical simulation model response deviates from the laboratory test data.  
The roof drift response (Figure 5.104) and SC-CBF column base gap opening responses 
(Figure 5.105), and PT bar force reponse (Figure 5.106) show the same trends, where the 
nonlinear numerical simulation model response correlates well with laboratory test data 
for the first 9.5 seconds of the response. 
5.3.3.17 Nonlinear Numerical Simulation Model with Lateral Load Bearing Contact 
Stiffness of 16000 kip/in 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the contact stiffness in the lateral load bearings changed from 8000 kip/in to 
16000 kip/in, is compared with laboratory test data in Figure 5.107 (overturning moment 
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versus roof drift), Figure 5.108 (base shear and overturning moment time-histories), 
Figure 5.109 (roof drift time-history), Figure 5.110 (SC-CBF column base gap opening 
time-histories) and Figure 5.111 (PT bar force time-history). 
The overturning moment and base shear response (Figure 5.108) from the nonlinear 
numerical simulation model with contact stiffness of 16000 kip/in correlate fairly well 
with the laboratory data until about 7.5 seconds, after which the nonlinear numerical 
simulation model response shifts from the laboratory test data.  The roof drift response 
(Figure 5.109) shows a similar trend.  The response of the SC-CBF column base gap 
opening (Figure 5.110) from the nonlinear numerical simulation model is similar to the 
laboratory test data for most of the analysis. 
5.3.3.18 Nonlinear Numerical Simulation Model with Horizontal Contact Stiffness at 
SC-CBF Column Base of 1.0 times the Axial Stiffness of First Story SC-CBF 
Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the horizontal contact stiffness at the SC-CBF column base changed from 0.5 
times to 1.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.112 (overturning moment versus roof drift), Figure 5.113 
(base shear and overturning moment time-histories), Figure 5.113 (roof drift time-
history), Figure 5.115 (SC-CBF column base gap opening time-histories) and Figure 
5.116 (PT bar force time-history). 
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The overturning moment and base shear time-history response (Figure 5.113) from the 
nonlinear numerical simulation model correlate fairly well with the laboratory test data 
until about 7.5 seconds into the response, after which the response from the nonlinear 
numerical simulation model is shifted from the laboratory test data.  The roof drift 
response (Figure 5.114) shows a similar trend.  The SC-CBF column base gap opening 
responses (Figure 5.115) from the nonlinear numerical simulation model correlate fairly 
well with the laboratory test data. 
5.3.3.19 Nonlinear Numerical Simulation Model with Horizontal Contact Stiffness at 
SC-CBF Column Base of 2.0 times the Axial Stiffness of First Story SC-CBF 
Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the horizontal contact stiffness at the SC-CBF column base changed from 0.5 
times to 2.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.117 (overturning moment versus roof drift), Figure 5.118 
(base shear and overturning moment time-histories), Figure 5.119 (roof drift time-
history), Figure 5.120 (SC-CBF column base gap opening time-histories) and Figure 
5.121 (PT bar force time-history). 
There is fair correlation between the overturning moment (Figure 5.118), base 
shear(Figure 5.118), and roof drift (Figure 5.119) response from the nonlinear numerical 
simulation model and the laboratory test data throughout most of the time-history.  The 
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SC-CBF column base gap opening responses (Figure 5.120) from the nonlinear numerical 
simulation model correlate fairly well with the laboratory test data. 
5.3.3.20 Nonlinear Numerical Simulation Model with Horizontal Contact Stiffness at 
SC-CBF Column Base of 4.0 times the Axial Stiffness ofFirst Story SC-CBF Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the horizontal contact stiffness at the SC-CBF column base changed from 0.5 
times to 4.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.122 (overturning moment versus roof drift), Figure 5.123 
(base shear and overturning moment time-histories), Figure 5.124 (roof drift time-
history), Figure 5.125 (SC-CBF column base gap opening time-histories) and Figure 
5.126 (PT bar force time-history). 
There is fair correlation between the overturning moment (Figure 5.123), base shear 
(Figure 5.123), and roof drift (Figure 5.124) response from the nonlinear numerical 
simulation model and the laboratory test data throughout most of the time-history.  The 
worst correlation is from about 6.5 seconds to about 8.5 seconds.  The roof drift from the 
nonlinear numerical simulation model under-estimates many of the local peak values of 
the laboratory test data.  The SC-CBF column base gap opening responses (Figure 5.125) 
from the nonlinear numerical simulation model correlate fairly well with the laboratory 
test data. 
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5.3.3.21 Nonlinear Numerical Simulation Model with Vertical Contact Stiffness at 
SC-CBF Column Base of 1.0 times the Axial Stiffness of First Story SC-CBF 
Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the vertical contact stiffness at the SC-CBF column base changed from 3.0 times 
to 1.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.127 (overturning moment versus roof drift), Figure 5.128 
(base shear and overturning moment time-histories), Figure 5.129 (roof drift time-
history), Figure 5.130 (SC-CBF column base gap opening time-histories) and Figure 
5.131 (PT bar force time-history). 
The overturning moment versus roof drift response (Figure 5.127) from the nonlinear 
numerical simulation model does not correlate well to the laboratory test data in the third 
quadrant of the plot.  The base shear and overturning moment time-history response 
(Figure 5.128) from the nonlinear numerical simulation model correlate fairly well with 
the laboratory test data until about 7.5 seconds into the response.  After 7.5 seconds, there 
is a shift in the response from the nonlinear numerical simulation model.  The roof drift 
response (Figure 5.129) from the nonlinear numerical simulation model under-estimates 
some of the large local peaks and also has a shift in the response relative the laboratory 
test data after about 7.5 seconds.  Several of the local peaks in the gap opening response 
for the north SC-CBF column (Figure 5.130) from the nonlinear numerical simulation 
model miss the local peak response from the laboratory data by significant amount. 
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5.3.3.22 Nonlinear Numerical Simulation Model with Vertical Contact Stiffness at 
SC-CBF Column Base of 2.0 times the Axial Stiffness of First Story SC-CBF 
Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the vertical contact stiffness at the SC-CBF column base changed from 3.0 times 
to 2.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.132 (overturning moment versus roof drift), Figure 5.133 
(base shear and overturning moment time-histories), Figure 5.134 (roof drift time-
history), Figure 5.135 (SC-CBF column base gap opening time-histories) and Figure 
5.136 (PT bar force time-history). 
The base shear and overturning moment time-history response (Figure 5.133) from the 
nonlinear numerical simulation model correlate fairly well with the laboratory data until 
about 7.5 seconds into the response.  After 7.5 seconds, there is a shift in the response 
from the nonlinear numerical simulation model.  The roof drift response (Figure 5.134) 
from the nonlinear numerical simulation model under-estimates some of the large local 
peaks and also has a shift in the response after about 7.5 seconds.  The gap opening 
response at the base of the SC-CBF columns (Figure 5.135) from the nonlinear numerical 
simulation model correlates fairly well with the laboratory test data.  However, several of 
the local peaks in the gap opening response for the north SC-CBF column from the 
nonlinear numerical simulation model are less than the local peaks from the laboratory 
test data, but the difference is smaller than when the vertical contact stiffness at the SC-
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CBF column base is 1.0 times the axial stiffness of the first story SC-CBF column 
(Section 5.3.3.21). 
5.3.3.23 Nonlinear Numerical Simulation Model with Vertical Contact Stiffness at 
SC-CBF Column Base of 4.0 times the Axial Stiffness of First Story SC-CBF 
Column 
The response of a nonlinear numerical simulation model, similar to the baseline model, 
but with the vertical contact stiffness at the SC-CBF column base changed from 3.0 times 
to 4.0 times the axial stiffnes of the first story SC-CBF column, is compared with 
laboratory test data in Figure 5.137 (overturning moment versus roof drift), Figure 5.138 
(base shear and overturning moment time-histories), Figure 5.139 (roof drift time-
history), Figure 5.140 (SC-CBF column base gap opening time-histories) and Figure 
5.141 (PT bar force time-history). 
The base shear and overturning moment time-history response (Figure 5.138) from the 
nonlinear numerical simulation model correlate fairly well with the laboratory test data 
up until about 7.5 seconds into the response. After 7.5 seconds there is a shift in the 
response from the nonlinear numerical simulation model.  The roof drift response (Figure 
5.139) from the nonlinear numerical simulation model also correlates fairly well with the 
laboratory test data up until about 7.5 seconds, but then there is a shift from the 
laboratory test data.  The gap opening responses at the base of the SC-CBF columns 
(Figure 5.140) from the nonlinear numerical simulation model correlate fairly well with 
the laboratory test data.   
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5.3.4 Selection of Final Nonlinear Numerical Simulation Model Parameters 
Based on the nonlinear numerical simulation model parameter study described in Section 
5.3.3 the final nonlinear numerical simulation model parameters were selected for thre 
remainder of the analyses of this research.  The final nonlinear numerical simulation 
model parameters are the same as the baseline nonlinear numerical simulation model 
parameters (shown in Table 5.4) except that the lateral load bearing contact stiffness is 
changed from 8000 kip/in to 12000 kip/in.  This change in the contact stiffess results in 
improved correlation between the nonlinear numerical model reponse and the laboratory 
test data from 7.5 seconds to 8.5 seconds for the base shear and overturning moment 
(compare Figures 5.27 and 5.102), roof drift (compare Figures 5.28 and 5.103), SC-CBF 
column base gap opening responses (compare Figures 5.29 and 5.104), and the PT bar 
force response (compare Figures 5.30 and 5.105).  Time-history reponse data from the 
final nonlinear numerical simulation model is shown in Figures 5.101 through 5.105.  
The correlation between the nonlinear numerical simulation model responses and 
laboratory test data is generally quite good. 
5.3.4.1 Further Comparison of Final Nonlinear Numerical Simulation Model with 
Laboratory Test Data 
The parameter study in Section 5.3 was completed using one ground motion from the 
1976 Friuli, Italy earthquake.  To further validate the behavior of the final nonlinear 
numerical simulation model used in this research, the response of the final nonlinear 
numerical simulation model to a different ground motion is compared with laboratory test 
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data.  The ground motion used for these further comparisions is from the 1989 Loma 
Prieta earthquake, Corralitos recording station, and is the CLS000 component.  The scale 
factor is 0.73.  Plots comparing the final nonlinear numerical simulation model response 
with the laboratory test data are shown for overturning moment versus roof drift (Figure 
5.142), base shear and overturning moment time-histories (Figure 5.143), the roof drift 
time-history (Figure 5.144), SC-CBF column base gap opening time-histories (Figure 
5.145) and the PT bar force time-history (Figure 5.146). 
The correlation between the nonlinear numerical model results and laboratory test data 
for the overturning moment and base shear time-histories (Figure 5.143) is quite good for 
all but the last second of the response.  The roof drift response (Figure 5.144) and the gap 
opening responses at the base of the SC-CBF columns (Figure 5.145) from the nonlinear 
numerical simulation model also correlates very well with the laboratory test data.   
5.4 Summary 
In this chapter, details of nonlinear numerical simulation models developed in OpenSees 
were given, including model layout, element types, material models, and modeling 
details.  The behavior of the nonlinear numerical simulation model was verified using the 
4-story and 6-story archetype SC-CBFs from Chapter 4.  Validation of the nonlinear 
numerical models was conducted by comparing global response quantities such as 
overturning moment, base shear and roof drift from nonlinear numerical simulation 
models with results from laboratory experiments on a 4-story 0.6-scale SC-CBF.  A 
parameter study comparing the response of the nonlinear numerical simulation model to 
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results from laboratory experiments, as important modeling parameters in the nonlinear 
numerical simulation model were varied, was conducted and final model parameters were 
determined.  The correlation between the responses from the nonlinear numerical 
simulation model with the final model parameters, and the results from the laboratory 
experiments is judged to be good enough to validate the final model for the remaining 
analyses conducted in this research. 
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Table 5.1 – Dead loads for 4-story 0.6-scale SC-CBF test structure (Roke et al. 2010) 
 
Dead Load Floor 1 (psf) Floors 2-3 (psf) Roof (psf) 
Floor/roof slab 43 43 43 
Floor/roof deck 3 3 3 
Roofing material 0 0 10 
Mechanical weight 10 10 25 
Ceiling material 5 5 0 
Floor finish 2 2 0 
Steel fireproofing 2 2 2 
Structural steel 15 15 15 
Exterior wall (per sq. ft. of 
floor area) 
7.9 6.9 5.1 
Total 87.9 86.9 103.1 
 
Table 5.2 – Live loads for 4-story 0.6-scale SC-CBF test structure (Roke et al. 2010) 
 
Live Load Floors 1-3 (psf) Roof (psf) 
Office* 50 0 
Partitions 15 0 
Roof live load* 0 65 
*Only 25% of live load was used in the hybrid simulations 
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Table 5.3 – Seismic mass for 4-story 0.6-scale SC-CBF test structure (Roke et al. 2010) 
 
Floor Mass (kip-sec
2
/in) 
1 0.776 
2 0.770 
3 0.770 
4 0.812 
 
Table 5.4 – Summary of baseline model parameters 
 
Parameter Value 
Intended Gap in Lateral Load Bearing 0.02 in 
Coefficient of Friction on Lateral Load Bearing 0.50 
Lateral Load Bearing Friction Stiffness 8000 kip/in 
Lateral Load Bearing Contact Stiffness 8000 kip/in 
Foundation Horizontal Contact Stiffness 
0.5•SC-CBF 1st Story Column 
Axial Stiffness 
Foundation Vertical Contact Stiffness 
3•SC-CBF 1st Story Column 
Axial Stiffness 
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Figure 5.1 – Schematic of nonlinear numerical simulation model with lateral load 
bearings (additional energy dissipation elements at the base of the SC-CBF columns are 
not shown) 
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Figure 5.2 – Element types for nonlinear numerical simulation model with lateral load 
bearings 
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Figure 5.3 – Schematic of nonlinear numerical simulation model without lateral load 
bearings  
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Figure 5.4 – Element types for nonlinear numerical simulation model without lateral load 
bearings 
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Figure 5.5 – Division of wide flange shape into discrete fibers for fiber section 
 
 
Figure 5.6 – Schematic of lateral load bearing 
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Figure 5.7 – Boundary conditions for nonlinear numerical simulation model with lateral 
load bearings 
 
Figure 5.8 – Boundary conditions for nonlinear numerical simulation model without 
lateral load bearings 
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(a) 
 
(b) 
Figure 5.9 – (a) Imposed displacement pattern and (b) force-deformation plot 
demonstrating Steel02 material response 
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Figure 5.10 – Axial force versus axial deformation for supplemental yielding energy 
dissipation device at base of SC-CBF  
 
 
Figure 5.11 – Overturning moment versus roof drift from time-history analysis used for 
equilibrium check of nonlinear numerical simulation model 
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Figure 5.12 – Time-history of horizontal equilibrium check of nonlinear numerical 
simulation model 
 
Figure 5.13 – Time-history of vertical equilibrium check of nonlinear numerical 
simulation model 
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Figure 5.14 – Time-history of PT bar force 
 
Figure 5.15 – Gap between PT bars and foundation anchorage during time-history 
analysis 
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Figure 5.16 – PT bar force versus deformation from time-history analysis 
 
Figure 5.17 – Friction force versus normal force during time-history analysis for fourth 
floor left lateral load bearing of 4-story archetype SC-CBF 
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Figure 5.18 – Normal force versus lateral deformation response for fourth floor left 
lateral load bearing of 4-story archetype SC-CBF 
 
Figure 5.19 – Brace axial force versus brace deformation for fourth story right brace with 
no initial imperfection in 6-story archetype SC-CBF  
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(a) 
 
(b) 
Figure 5.20 – Brace axial force versus brace deformation for fourth story right brace with 
an initial imperfection in 6-story archetype SC-CBF: (a) initial time-step of time-history 
analysis was 0.005 seconds; (b) initial time-step of time-history analysis was 0.001 
seconds 
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Figure 5.21 – Schematic of detailed numerical model of 4-story 0.6-scale SC-CBF test 
structure, including basement substructure and adjacent gravity columns (Roke et al. 
2010)  
Basement 
substructure 
SC-CBF 
North 
gravity 
column 
South 
gravity 
column 
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Figure 5.22 – Comparison of floor displacement response from detailed numerical 
simulation model of 4-story 0.6-scale SC-CBF test structure and laboratory test results 
for test DBE_h-shp270 (Roke et al. 2010)  
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Figure 5.23 –Schematic of 4-story 0.6-scale SC-CBF structure: (a) floor plan; (b) 
elevation of SC-CBF (Roke et al. 2010)  
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Figure 5.24 –Simplified drawing of laboratory test setup (loading beams not shown) 
(Chancellor et al. 2010)  
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Figure 5.25 – Schematic of hybrid testing method (Chancellor et al. 2010)  
 
227 
 
 
Figure 5.26 – Comparison of SC-CBF test structure layout and member sizes with 
nonlinear numerical simulation model layout and member sizes  
 
Figure 5.27 – Overturning moment versus roof drift response comparing baseline 
nonlinear numerical simulation model with laboratory test data 
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Figure 5.28 – Base shear and overturning moment response comparing baseline nonlinear 
numerical simulation model with laboratory test data 
 
Figure 5.29 – Roof drift response comparing baseline nonlinear numerical simulation 
model with laboratory test data 
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Figure 5.30 – SC-CBF column base gap-opening response comparing baseline nonlinear 
numerical simulation model with laboratory test data 
 
Figure 5.31 – PT bar force response comparing baseline nonlinear numerical simulation 
model with laboratory test data 
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Figure 5.32 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.001 in lateral load bearing gaps) with laboratory test 
data 
 
Figure 5.33 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.001 in lateral load bearing gaps) with laboratory test 
data  
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Figure 5.34 – Roof drift response comparing nonlinear numerical simulation model (with 
0.001 in lateral load bearing gaps) with laboratory test data  
 
Figure 5.35 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.001 in lateral load bearing gaps) with laboratory test 
data   
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Figure 5.36 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.001 in lateral load bearing gaps) with laboratory test data  
 
Figure 5.37 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.01 in lateral load bearing gaps) with laboratory test 
data 
233 
 
 
Figure 5.38 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.01 in lateral load bearing gaps) with laboratory test 
data  
 
Figure 5.39 – Roof drift response comparing nonlinear numerical simulation model (with 
0.01 in lateral load bearing gaps) with laboratory test data  
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Figure 5.40 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.01 in lateral load bearing gaps) with laboratory test 
data  
 
Figure 5.41 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.01 in lateral load bearing gaps) with laboratory test data 
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Figure 5.42 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.03 in lateral load bearing gaps) with laboratory test 
data  
 
Figure 5.43 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.03 in lateral load bearing gaps) with laboratory test 
data  
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Figure 5.44 – Roof drift response comparing nonlinear numerical simulation model (with 
0.03 in lateral load bearing gaps) with laboratory test data  
 
Figure 5.45 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.03 in lateral load bearing gaps) with laboratory test 
data 
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Figure 5.46 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.03 in lateral load bearing gaps) with laboratory test data 
 
Figure 5.47 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.04 in lateral load bearing gaps) with laboratory test 
data 
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Figure 5.48 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.04 in lateral load bearing gaps) with laboratory test 
data  
 
Figure 5.49 – Roof drift response comparing nonlinear numerical simulation model (with 
0.04 in lateral load bearing gaps) with laboratory test data  
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Figure 5.50 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.04 in lateral load bearing gaps) with laboratory test 
data  
 
Figure 5.51 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.04 in lateral load bearing gaps) with laboratory test data 
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Figure 5.52 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.40 coefficient of friction) with laboratory test data  
 
Figure 5.53 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.40 coefficient of friction) with laboratory test data   
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Figure 5.54 – Roof drift response comparing nonlinear numerical simulation model (with 
0.40 coefficient of friction) with laboratory test data  
 
Figure 5.55 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.40 coefficient of friction) with laboratory test data   
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Figure 5.56 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.40 coefficient of friction) with laboratory test data  
 
Figure 5.57 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.45 coefficient of friction) with laboratory test data 
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Figure 5.58 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.45 coefficient of friction) with laboratory test data  
 
Figure 5.59 – Roof drift response comparing nonlinear numerical simulation model (with 
0.45 coefficient of friction) with laboratory test data  
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Figure 5.60 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.45 coefficient of friction) with laboratory test data  
 
Figure 5.61 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.45 coefficient of friction) with laboratory test data  
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Figure 5.62 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.55 coefficient of friction) with laboratory test data  
 
Figure 5.63 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.55 coefficient of friction) with laboratory test data  
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Figure 5.64 – Roof drift response comparing nonlinear numerical simulation model (with 
0.55 coefficient of friction) with laboratory test data  
 
Figure 5.65 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.55 coefficient of friction) with laboratory test data  
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Figure 5.66 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.55 coefficient of friction) with laboratory test data  
 
Figure 5.67 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with 0.60 coefficient of friction) with laboratory test data  
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Figure 5.68 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with 0.60 coefficient of friction) with laboratory test data  
 
Figure 5.69 – Roof drift response comparing nonlinear numerical simulation model (with 
0.60 coefficient of friction) with laboratory test data  
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Figure 5.70 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with 0.60 coefficient of friction) with laboratory test data  
 
Figure 5.71 – PT bar force response comparing nonlinear numerical simulation model 
(with 0.60 coefficient of friction) with laboratory test data  
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Figure 5.72 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 1000 kip/in) 
with laboratory test data   
 
Figure 5.73 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 1000 kip/in) 
with laboratory test data  
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Figure 5.74 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing friction stiffness of 1000 kip/in) with laboratory test data  
 
Figure 5.75 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 1000 kip/in) 
with laboratory test data   
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Figure 5.76 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing friction stiffness of 1000 kip/in) with laboratory test data   
 
Figure 5.77 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 4000 kip/in) 
with laboratory test data   
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Figure 5.78 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 4000 kip/in) 
with laboratory test data  
 
Figure 5.79 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing friction stiffness of 4000 kip/in) with laboratory test data  
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Figure 5.80 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 4000 kip/in) 
with laboratory test data  
 
Figure 5.81 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing friction stiffness of 4000 kip/in) with laboratory test data  
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Figure 5.82 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 12000 kip/in) 
with laboratory test data   
 
Figure 5.83 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 12000 kip/in) 
with laboratory test data  
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Figure 5.84 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing friction stiffness of 12000 kip/in) with laboratory test data  
 
Figure 5.85 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 12000 kip/in) 
with laboratory test data 
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Figure 5.86 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing friction stiffness of 12000 kip/in) with laboratory test data  
 
Figure 5.87 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 16000 kip/in) 
with laboratory test data   
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Figure 5.88 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 16000 kip/in) 
with laboratory test data  
 
Figure 5.89 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing friction stiffness of 16000 kip/in) with laboratory test data  
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Figure 5.90 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing friction stiffness of 16000 kip/in) 
with laboratory test data 
 
Figure 5.91 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing friction stiffness of 16000 kip/in) with laboratory test data  
260 
 
 
Figure 5.92 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 1000 kip/in) 
with laboratory test data   
 
Figure 5.93 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 1000 kip/in) 
with laboratory test data  
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Figure 5.94 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing contact stiffness of 1000 kip/in) with laboratory test data  
 
Figure 5.95 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 1000 kip/in) 
with laboratory test data  
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Figure 5.96 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 1000 kip/in) with laboratory test data  
 
Figure 5.97 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 4000 kip/in) 
with laboratory test data  
263 
 
 
Figure 5.98 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 4000 kip/in) 
with laboratory test data  
 
Figure 5.99 – Roof drift response comparing nonlinear numerical simulation model (with 
lateral load bearing contact stiffness of 4000 kip/in) with laboratory test data  
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Figure 5.100– SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 4000 kip/in) 
with laboratory test data  
  
 
Figure 5.101 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 4000 kip/in) with laboratory test data  
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Figure 5.102 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 12000 kip/in) 
with laboratory test data  
 
Figure 5.103 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 12000 kip/in) 
with laboratory test data  
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Figure 5.104 – Roof drift response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 12000 kip/in) with laboratory test data  
 
Figure 5.105 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 12000 kip/in) 
with laboratory test data  
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Figure 5.106 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 12000 kip/in) with laboratory test data  
 
Figure 5.107 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 16000 kip/in) 
with laboratory test data  
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Figure 5.108 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 16000 kip/in) 
with laboratory test data  
 
Figure 5.109 – Roof drift response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 16000 kip/in) with laboratory test data  
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Figure 5.110 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with lateral load bearing contact stiffness of 16000 kip/in) 
with laboratory test data  
 
Figure 5.111 – PT bar force response comparing nonlinear numerical simulation model 
(with lateral load bearing contact stiffness of 16000 kip/in) with laboratory test data  
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Figure 5.112 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 1.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.113 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 1.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data   
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Figure 5.114 – Roof drift response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 1.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data   
 
Figure 5.115 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 1.0 time the 
axial stiffness of first story SC-CBF column) with laboratory test data  
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Figure 5.116 – PT bar force response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 1.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data   
 
Figure 5.117 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 2.0 time the 
axial stiffness of first story SC-CBF column) with laboratory test data 
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Figure 5.118 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 2.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.119 – Roof drift response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 2.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data  
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Figure 5.120 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 2.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.121 – PT bar force response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 2.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data  
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Figure 5.122 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data 
 
Figure 5.123 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
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Figure 5.124 – Roof drift response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 4.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data  
 
Figure 5.125 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with horizontal foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
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Figure 5.126 – PT bar force response comparing nonlinear numerical simulation model 
(with horizontal foundation contact stiffness of 4.0 times the axial stiffness of first story 
SC-CBF column) with laboratory test data  
 
Figure 5.127 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 1.0 time the 
axial stiffness of first story SC-CBF column) with laboratory test data  
278 
 
 
Figure 5.128 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 1.0 time the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.129 Roof drift response comparing nonlinear numerical simulation model (with 
vertical foundation contact stiffness of 1.0 times the axial stiffness of first story SC-CBF 
column) with laboratory test data  
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Figure 5.130 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 1.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.131 – PT bar force response comparing nonlinear numerical simulation model 
(with vertical foundation contact stiffness of 1.0 times the axial stiffness of first story SC-
CBF column) with laboratory test data  
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Figure 5.132 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 2.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.133 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 2.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
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Figure 5.134 – Roof drift response comparing nonlinear numerical simulation model 
(with vertical foundation contact stiffness of 2.0 times the axial stiffness of first story SC-
CBF column) with laboratory test data  
 
Figure 5.135 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 2.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
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Figure 5.136 – PT bar force response comparing nonlinear numerical simulation model 
(with vertical foundation contact stiffness of 2.0 times the axial stiffness of first story SC-
CBF column) with laboratory test data  
 
Figure 5.137 – Overturning moment versus roof drift response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
283 
 
 
Figure 5.138 – Base shear and overturning moment response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data  
 
Figure 5.139 – Roof drift response comparing nonlinear numerical simulation model 
(with vertical foundation contact stiffness of 4.0 times the axial stiffness of first story SC-
CBF column) with laboratory test data  
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Figure 5.140 – SC-CBF column base gap-opening response comparing nonlinear 
numerical simulation model (with vertical foundation contact stiffness of 4.0 times the 
axial stiffness of first story SC-CBF column) with laboratory test data 
 
Figure 5.141 – PT bar force response comparing nonlinear numerical simulation model 
(with vertical foundation contact stiffness of 4.0 times the axial stiffness of first story SC-
CBF column) with laboratory test data  
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Figure 5.142 – Overturning moment versus roof drift response comparing final nonlinear 
numerical simulation model with laboratory test data for ground motion record CLS000  
 
Figure 5.143 – Base shear and overturning moment response comparing final nonlinear 
numerical simulation model with laboratory test data for ground motion record CLS000  
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Figure 5.144 – Roof drift response comparing final nonlinear numerical simulation model 
with laboratory test data for ground motion record CLS000 
 
Figure 5.145 – SC-CBF column base gap-opening response comparing final nonlinear 
numerical simulation model with laboratory test data for ground motion record CLS000 
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Figure 5.146 – PT bar force response comparing final nonlinear numerical simulation 
model with laboratory test data for ground motion record CLS000 
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CHAPTER 6 
GROUND MOTION SELECTION FOR TIME-HISTORY ANALYSIS AND 
IMPLICATIONS OF GROUND MOTION SELECTION ON STRUCTURAL 
RESPONSE 
 
This chapter discusses the ground motions selected for time-history analyses of the 
archetype SC-CBF structure.  Specific topics include a site specific seismic hazard 
analysis that was performed, the selection of ground motions to match the site and 
archetype structure characteristics, the selection of general ground motion sets for the 
archetype structures, and the effect of ground motion selection on structural response of 
an archetype structure.  The results of a single degree-of-freedom (SDOF) study 
examining the effect of several structural parameters and the effect of ground motion 
selection on peak response are discussed.  Finally, the rationale for the ground motion 
sets used for the remaining studies of the archetype SC-CBFs is summarized.  
6.1 Seismic Hazard Analysis 
Seismic hazard analysis is a procedure for estimating the intensity of earthquake-induced 
ground shaking at a site.  To understand seismic hazard analysis, it is useful to examine 
the effect of an individual earthquake event.  When a fault at some distance from the site 
of interest ruptures, seismic energy is released.  The amount of energy released is related 
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to the “magnitude” of the earthquake (Wakabayashi, 1986).  The amount of energy 
released during a future earthquake event on a given fault is uncertain; large magnitude 
events occur less frequently than smaller magnitude events (Wakabayashi, 1986).  The 
energy released in an earthquake event takes the form of waves, which propagate through 
the earth.  The amplitude and frequency content of the waves that reach a site depends on 
many factors, such as the geologic conditions between the location of the fault rupture 
and the site of interest, and the soil conditions at the site of interest (Wakabayashi, 1986).  
As a result of these and other factors, two earthquake events that have a similar 
magnitude and similar distance from the site of interest may produce different intensities 
of shaking at the site.  The uncertainty in the intensity of ground motion (shaking) for a 
given event magnitude and distance is discussed by Baker (2011).  If the possible 
combinations of earthquake event, magnitude, and distance from the site are related to the 
intensity of shaking at the site (usually measured as the pseudo-acceleration, also known 
as the spectral acceleration (SA), at a specific period), then the probability distribution of 
the intensity measure can be estimated.  Figure 6.1 demonstrates the differences in 
intensity, measured as SA, for several ground motions with similar event magnitude and 
site distance.  Note the wide variation in SA at a 1 second period. 
Buildings and other structures are usually designed for loadings with a small probability 
of exceedance (POE).  If a probability density function (PDF) of the loading on the 
structure is constructed, then a value in the tail of the PDF is of interest.  Figure 6.2 
shows Figure 6.1 with a schematic of the PDF for the SA at a 1 second period overlaid on 
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the plot to indicate the portion of the PDF that is of interest for design of earthquake-
resistant structures. 
A seismic hazard analysis for a site aggregates the anticipated effects of earthquake 
events with various magnitudes and site distances.  Seismic hazard analysis considers the 
possible seismic sources (e.g., faults) in the region around the site of interest.  The 
intensity of ground shaking at the site from earthquake events caused by these sources is 
estimated probabilistically (McGuire 1995).  A short fault may not be capable of 
producing large magnitude events, while a long fault may be capable of producing large 
and small magnitude events at various distances from the site of interest.  As noted 
earlier, large magnitude events occur less frequently for a given fault.  Figure 6.3 shows 
the various faults that contribute to the seismic hazard (measured as the SA with a return 
period of 2475 years at a period of 1.0 seconds) at a site in Orange County in Southern 
California.  Figure 6.3 was generated using the United Stated Geological Survey (USGS) 
web based tool (https://geohazards.usgs.gov/deaggint/2008/).  For the site in Figure 6.3, 
the hazard is from events with relatively moderate magnitudes, with fairly small distances 
from the site. 
The method for generating the site seismic hazard is discussed in Harmsen and Frankel 
(2001) and Seo et al. (2010), and involves integrating the conditional probability of a 
target SA value at a given period being exceeded when conditioned on magnitude, 
distance, and epsilon (ε).  ε is the number of standard deviations that the target SA differs 
from the mean SA (Baker and Cornell, 2005).  ε is discussed further in Section 6.2.2.  The 
standard deviation and the mean SA for calculating ε are determined from an attenuation 
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function.  Attenuation functions are predictive relationships developed to estimate the 
intensity of shaking at a site based on the event magnitude, site distance and other 
information about the earthquake.  Attenuation functions are discussed further below. 
The result of the site hazard analysis is the mean annual rate of exceedance of an intensity 
measure of interest.  SA at a specified period of interest (TA) is the intensity measure used 
in this research.  An alternative way of expressing the seismic hazard analysis result is the 
POE of a specified SA value at a specified period in a specified time frame.  The time 
frame is usually 50 years.  A seismic hazard curve is a plot of this POE for a range of SA 
values.  An example hazard curve for the site in Orange County in Southern California is 
shown in Figure 6.4, where the POE is plotted for the 5% damped SA at 0.5 seconds.  
The hazard curve was generated using data from OpenSHA (OpenSHA 2011).  
OpenSHA is an open-source set of software toolboxes for seismic hazard analysis. 
A uniform seismic hazard spectrum (UHS) is generated by plotting the SA at a site with a 
specified POE in a specified time frame across a period range.  An example UHS for the 
site in Orange County in Southern California with a 10% POE in 50 years is shown in 
Figure 6.5, where SA is plotted versus period.  The data for this UHS was taken from a 
USGS website (http://www.usgs.gov/). 
In a seismic hazard analysis, the ground shaking intensity at a site is estimated using 
empirical relationships known as attenuation functions that are developed specifically for 
a geographic region.  A number of these attenuation functions exist for the Western 
United States (Campbell and Bozorgnia 2008, Boore and Atkinson 2008, Abrahamson 
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and Silva 1997, and others).  These functions give the mean and standard deviation of the 
expected ground shaking intensity for a seismic event with a specified magnitude and 
distance from the site.  For the research presented in this document, the ground shaking 
intensity is measured as the SA at a specified period and the attenuation function gives the 
mean and standard deviation of the natural log of SA. 
The SA used for seismic design in the United States are usually taken from a simplified 
form of the UHS.  ASCE 7-05 (ASCE 2005) and ASCE 7-10 (ASCE 2010) define the 
design spectrum by anchoring the spectrum at two points (at periods of 0.2 seconds and 
1.0 seconds) from a UHS defined by the United States Geological Survey (USGS).  This 
UHS has a 2% POE in 50 years.  Figure 6.5 shows an example for the Orange County site 
in Southern California.  The 2002 USGS UHS, used to anchor the design spectrum for 
ASCE 7-05 (ASCE 2005), is a weighted average of several uniform hazard spectra 
estimated using different attenuation functions (Frankel et al. 2002).  The attenuation 
function results that were averaged to form the 2002 USGS UHS for the Western United 
States are the Boore et al. (1997), Sadigh et al. (1997), Abrahamson and Silva (1997), 
Spudich et al. (1999), and Campbell and Bozorgnia (2003) attenuation functions.  The 
2008 USGS UHS for the Western United States, used to anchor the design spectrum for 
ASCE 7-10 (ASCE 2010), is based on averaged results from the Boore and Atkinson 
(2008), Campbell and Bozorgnia (2008), and Chiou and Youngs (2008) attenuation 
functions (Petersen et al. 2008).   
The newer attenuation functions used to form the 2008 USGS UHS for the Western 
United States generally give smaller values of the mean predicted SA than the older 
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attenuation functions used to form the 2002 USGS UHS (Petersen et al. 2008).  There are 
several reasons for this difference.  One reason is that some older attenuation functions 
were based on site soil conditions with smaller shear wave velocities (Vs30) than those 
used as the basis for newer attenuation functions (Petersen et al. 2008).  A review panel 
that addressed the differences between the older and newer attenuation functions 
suggested that the SA values from the attenuation functions used to form the 2008 USGS 
UHS should be scaled up to account for additional uncertainty (Petersen et al. 2008).  
Therefore, the design SA values from the 2008 USGS UHS (used for the ASCE 7-10 
(ASCE 2010) design spectrum) will not match the results from the unscaled attenuation 
functions for a UHS with 2% POE in 50 years.  
Another change between older and newer attenuation functions is the definition of the SA.  
The definition of SA for the older attenuations functions used for the 2002 USGS UHS, 
was not consistent between the attenuation functions.  The newer attenuation functions 
used for the 2008 USGS UHS consistently provide the geometric mean of the SAs for the 
two orthogonal horizontal ground motion components as the result (Boore 2010).  
Ground motions are ususally recorded in two orthogonal directions in the horizontal 
plane.  The orientation of the two orthogonal ground motions (i.e., the ground motion 
“pair”) in the horizontal plane is random with respect to the fault rupture.  If the 
orientation of the ground motion pair is rotated by some arbitrary rotation angle then the 
SA for each component may be greater or less than the SA for each component of the “as 
recorded” ground motion pair.  To have a consistent definition of the geometric mean of 
the SAs for the two components of a ground motion pair that is not dependent on this 
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rotation angle, a special definition of this geometric mean called GMRotI50 is used 
(Boore et al. 2006).   
This GMRotI50 geometric mean is first calculated by rotating each ground motion pair 
through all non-redundant rotation angles, determining, for each rotation angle, the 
geometric mean of the SAs for the two components of the rotated ground motion pair and 
ranking the geometric means of these SAs from smallest to largest.  The rotation angle 
that produces the median SA is taken as the final rotation angle for calculating the 
geometric mean (Boore et al. 2006).  This definition of the geometric mean of the SAs of 
the two ground motion components is rotation angle independent, but not period 
independent.  To make the definition of the geometric mean period independent, 
producing the final definition of GMRotI50, a period normalization, described in Boore 
et al. (2006), is carried out.   
6.1.1 Site Selection and Site Hazard Disaggregation 
The SA values at 0.2 seconds (SS) and 1.0 seconds (S1) used to establish the ASCE-7 
elastic design spectrum are taken from the UHS for the site (described later).  The SS and 
S1 values from the USGS UHS (2002, 2008) are used to determine the maximum 
considered earthquake (MCE) elastic design spectrum for a Site Class B/C soil (ASCE 
2005, ASCE 2010).  The MCE elastic design spectrum is then adjusted to account for 
other soil site classes and multiplied by 2/3 to obtain the design basis earthquake (DBE) 
elastic design spectrum (ASCE 2005, ASCE 2010).  
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The archetype SC-CBF structures were designed for an DBE elastic design spectrum 
based on a site in Southern California. The spectral acceleration from the DBE elastic 
design spectrum is denoted as SADS in this document.  The spectral displacement from the 
DBE elastic design spectrum is denoted as SDDS in this document. 
6.1.1.1 Site Selection 
The site chosen for the archetype SC-CBF structures was selected to meet the following 
criteria.   
1. Must be located in Southern California near Los Angeles. 
2. Must have site SA values which are near the upper limit for ASCE 7-05 and 
ASCE 7-10 seismic design category D (SS = 1.5g and S1 = 0.6g). 
3. Must have information available about the subsurface soil shear wave velocity. 
Criterion 1, located in Southern California, was stipulated because there are multiple 
faults in the region and earthquakes are relatively frequent.  Criteria 2 was stipulated 
because of a change between ASCE 7-05 (ASCE 2005) and ASCE 7-10 (ASCE 2010) in 
the definition of the site SA values.  The site SA values given by ASCE 7-05 (ASCE 
2005), are values that have a 2% POE in 50 years (BSSC 2003).  ASCE 7-10 (ASCE 
2010) provides site SA values intended to provide a 1% probability of collapse in 50 
years (BSSC 2009).  A site was selected so SADS from ASCE 7-05 and ASCE 7-10 would 
be approximately the same and at or near the upper limit of seismic design category D.  
Criterion 3 was stipulated because the soil shear wave velocity at a depth of 30 meters 
(Vs30) is required for seismic hazard disaggregation (OpenSHA 2011). 
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The selected site is located in Orange County, California near Anaheim.  The coordinates 
for the site are latitude of 33.821
◦
N and longitude of -117.818
◦
.  The soil conditions at this 
site are NEHRP Classification Type D (Site Class D) (PEER 2011b).  The site SAs, SS 
and S1, based on the ASCE 7-05 (ASCE 2005) definition are 1.5 g and 0.545 g, 
respectively.  The site SA, SS and S1, based on the ASCE 7-10 (ASCE 2010) definition are 
1.5 g and 0.587 g, respectively.  The values of SS and S1 that were used in design of the 
archetype SC-CBFs are 1.5 g and 0.6 g, respectively.  These values match approximately 
the SS and S1 values from both ASCE 7-05 (ASCE 2005) or ASCE 7-10 (ASCE 2010).  
Vs30 is 308.6 meters/second (PEER, 2011b).  These site parameters are summarized in 
Table 6.1. 
6.1.1.2 Site Seismic Hazard Disaggregation 
Disaggregation of the site hazard identifies the contributions to the seismic hazard from 
seismic events with different magnitude, at different distances from the site, and 
producing SA with different values of epsilon (ε).  The meaning of ε is described later in 
Section 6.2.  An example of seismic hazard disaggregation is shown in Figure 6.6.  The 
hazard disaggregation data in Figure 6.6 was generated by OpenSHA (OpenSHA 2011).  
The seismic hazard is discretized into magnitude, distance, and ε “bins”.  The bins are 
described by a central value, upper and lower bounds.  The magnitude bins considered in 
the seismic hazard disaggregation have central values ranging from 4.25 to 9.75.  The 
magnitude increment between the bin central values is 0.5.  The upper and lower bounds 
of the magnitude bins are the central values +/- 0.25.  The distance bins considered in the 
seismic hazard disaggregation have central values ranging from 2.5 km to 217.5 km.  The 
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distance increment between the bin central values is 5 km.  The upper and lower bounds 
of the distance bins are the central values +/- 2.5 km.  The ε bins considered in the 
seismic hazard disaggregation have central values of -2.5, -1.5, -0.75, -0.25, 0.25, 0.75, 
1.5, and 2.5.  The bounds for each ε bin are: -3.0 < ε ≤ -2.0, -2.0 < ε ≤ -1.0, -1.0 < ε ≤ -
0.5, -0.5 < ε ≤ 0.0, 0 < ε ≤ 0.5, 0.5 < ε ≤ 1.0, 1.0 < ε ≤ 2.0, 2.0 < ε ≤ 3.0.  In Figure 6.6, 
the size of the vertical bar indicates the amount that each magnitude, distance, and ε bin 
contributes to the total hazard.  
After the seismic hazard at the site was disaggregated into bins of magnitude, distance, 
and ε, this data was used to select ground motions for the time-history analyses, as 
discussed in the next section. 
6.2 Selection of Ground Motions for Time-History Analyses 
Ground motion sets used in time-history analyses of a structure may be selected to match 
specific site hazard conditions and specific structure characteristics (e.g., period) or, 
alternatively, ground motion sets may be selected to match general hazard conditions and 
general structure characteristics.  The ground motions selected and used in time-history 
analyses will strongly influence the structural response and the resulting conclusions 
regarding the expected seismic performance of the structure.  This section describes the 
process of selecting ground motions for the time-history analyses of the archetype SC-
CBFs and the resulting ground motion sets.  First, the ground motion database that was 
the source of the ground motions is described.  Then, important ground motion 
parameters used in the selection of ground motions are discussed.  Ground motion sets 
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selected to match specific site hazard conditions and specific structure characteristics, and 
ground motions sets selected to match general hazard conditions and general structure 
characteristics are then described. 
6.2.1 Ground Motion Database Used in Selection of Ground Motions 
The Pacific Earthquake Engineering Research (PEER) center’s Next-Generation 
Attenuation (NGA) database is an online database of more than 3500 earthquake ground 
motion records from approximately 175 earthquake events (PEER, 2011b).  A subset of 
the PEER-NGA database meeting specific requirements was used in the present research 
to create several ground motion sets for the time-history analyses of the archetype SC-
CBFs.   
6.2.1.1 Subset of Ground Motion Database and Selection Criteria 
Ground motions that met the following criteria were selected from the PEER-NGA 
database and put into a sub-database for possible selection for the time-history analyses.  
The selection criteria were: 
1. The lowest usable frequency of the ground motion in the PEER-NGA database 
was 0.125 Hz (corresponding to a period of 8 seconds), providing ground motion 
signals without significant reduction from filtering up to 8 seconds  
2. The ground motion was recorded on a site with NEHRP Type D soil (based on 
Vs30) 
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Records from this sub-database (labeled the PEER-NGA Type D database) were selected 
for use in the time-history analyses.   
6.2.2 Ground Motion Parameters 
The magnitude of the earthquake event, the distance from the ground motion recording 
station to the location of the earthquake event, and the parameter epsilon (ε) were 
considered in selecting the ground motions.  Other parameters related to the earthquake 
event were considered in selecting the ground motions depending on the attenuation 
function that was used.  Magnitude, distance, and ε are defined in this section.  
The “moment magnitude” is used in this present research to quantify the magnitude of an 
earthquake event.  The moment magnitude is a measure of the energy released at the 
source of the earthquake and is related to the seismic moment of the earthquake 
(McCalpin 2009).  The seismic moment is the product of the average displacement of the 
fault surface, the area of the fault surface, and the average shear rigidity of the faulted 
rocks (McCalpin 2009). 
There are a number of ways that the distance from the ground motion recording station to 
the seismic event is reported (e.g. epicentral distance, hypocentral distance, etc.).  The 
distance measurement required by the attenuation functions used in the present research 
(Boore and Atkinson (2008), Campbell and Bozorgnia (2008)) is the “Joyner-Boore 
distance”.  The Joyner-Boore distance (RJB) is the “shortest horizontal distance from the 
recording site to the vertical projection of the rupture” (PEER 2011c).  In some cases, 
other distance quantities may be used in ground motion selection.  The other distance 
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quantities used for ground motion selection in this present research are the “closest 
distance” and the “epicentral distance”.  The closest distance is the shortest distance 
“from the recording site to the ruptured area” (PEER 2011c).  The epicentral distance is 
the distance from the recording site to the epicenter of the earthquake (PEER 2011c).   
The parameter ε is the number of standard deviations that the SA of a ground motion 
record (SAGM) differs from the mean SA from the attenuation function (Baker and Cornell 
2005) at the period of interest (TA).  ε is an indicator of the spectral shape of the ground 
motion near TA (Baker and Cornell 2005).  Figure 6.7 shows a plot of SAGM for a ground 
motion record with a positive ε and SAGM for a ground motion record with a negative ε; 
both records are scaled to a target spectrum at a period of 0.5 seconds.  Note that SAGM 
for the record with the positive ε has a local peak near TA while SAGM for the record with 
a negative ε has a local valley near TA.  These SAGM examples show why ε is considered 
to be a strong measure of spectral shape near TA.   
To calculate ε, the natural log of SAGM at TA [ln(SAGM(TA))] is subtracted from the mean 
natural log of SA at TA from the attenuation function (i.e., Boore-Atkinson 2008) and this 
result is divided by the logarithmic standard deviation of SA at TA from the attenuation 
function (Baker and Cornell 2005).  The distribution of ε for a randomly selected set of 
ground motions is well represented by the standard normal distribution (Baker and 
Cornell, 2005).  According to Baker and Cornell (2005), out of the three ground motion 
parameters (magnitude, distance, and ε), ε has the greatest effect on structural response.   
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6.2.3 Selection of Ground Motion Sets to Match Site and Structure Characteristics 
Ground motion sets were selected to match the seismic hazard at the site in Orange 
County in Southern California described in Section 6.1.1.1 at seven periods: 0.32, 0.48, 
0.84, 1.32, 1.78, 2.39, and 3.30 seconds.  These periods correspond to the second mode 
period (T2) for the 9-story archetype SC-CBF and the first mode period (T1) of the 4, 6, 9, 
12, 15, and 18-story archtype SC-CBFs, respectively.  As discussed below, the period of 
interest, TA, for determining and then disaggregating the seismic hazard was set to these 
various peiod values to create ground motion sets.  The seismic hazard was established 
using OpenSHA (OpenSHA 2011).  The hazard is defined by the POE in 50 years for a 
given SA at TA.  The input options used in OpenSHA for calculating the seismic hazard 
are as follows.  The site latitude and longitude were 33.821⁰ and -117.818⁰ respectively.  
Vs30 was 308.6 m/s.  The Campbell-Bozorgnia 2008 (Campbell and Bozorgnia 2007) 
attenuation model for the random horizontal component was used and SA values more 
than 3 standard deviations from the mean were excluded.  The USGS/CGS 2002 adjusted 
California earthquake rupture forecast was used.  The Frankel fault model was used and 
the rupture offset was 10 km.  Background seismicity was included and was treated as 
point sources.  The inherent damping in the structural model was 5%.  The 10% POE in 
50 years hazard curve for the Orange County site for period of 0.5 seconds is shown in 
Figure 6.4.   
The 10% POE in 50 years seismic hazard was disaggregated into contributions of 
magnitude, distance, and ε bins using the bin sizes described in Section 6.1.1.2.  
OpenSHA (OpenSHA 2011) disaggregates the hazard only at specific periods.  
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Therefore, to obtain a disaggregation of the hazard at the desired TA, the seismic hazard 
was disaggregated at the specific periods just above and just below TA.  The seismic 
hazard disaggregation at TA was obtained by linear interpolation of the seismic hazard 
disaggregation at these periods.  Table 6.2 shows the results of a typical seismic hazard 
disaggregation with TA = 0.5 seconds where the total seismic hazard is broken down into 
relative contributions of magnitude, distance, and ε. 
TA is typically set equal to the first mode period (T1) of the structure.  A ground motion 
set for each of the #-story archetype SC-CBFs was created by selecting ground motions 
from the PEER-NGA Type D database with characteristics to match the seismic hazard 
disaggregation at TA = T1 of the #-story archetype SC-CBF.  These ground motion sets 
were then used in time-history analyses of the archetype SC-CBFs.  In most cases, one 
horizontal ground motion record was selected for every 2% of the total seismic hazard 
that was contributed by each magnitude/distance/ε bin.  In some cases, because no ground 
motions were found that matched all three parameters (magnitude/distance/ε) 
simultaneously, steps were taken to relax the distance bin requirements in an effort to 
find enough different ground motions to have one horizontal ground motion record for 
every 2% of the seismic hazard, as follows. 
Distance has the smallest effect on structural response compared to magnitude and ε 
(Baker and Cornell 2005).  Therefore, the distance bin size was increased to obtain 
ground motions that matched the magnitude and ε bins from the hazard disaggregation.  
A bin size of +/- 2.5 km around the central value was used initially and the PEER-NGA 
Type D database was sorted into magnitude, distance, and ε bins.  To relax the distance 
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bin requirement, the distance bin size was then increased to +/- 7.5 km around the central 
value, followed by +/- 17.5 km around the central value, +/- 27.5 km around the central 
value, and finally, the ground motion database was sorted into magnitude and ε bins 
without considering distance.  After the initial ground motion sets matching the seismic 
hazard were created, several ground motion records were discarded.  The reason for 
discarding these ground motion records is discussed later in this section. 
Six ground motion sets were created to match the 10% POE in 50 years hazard 
established at TA = T1 for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs given in 
Tables 4.43 through 4.48.  The ground motions records in these sets were selected using a 
so-called random component ground motion selection, where each ground motion of a 
horizontal ground motion pair is treated as a separate component when determining if it 
matches an appropriate magnitude/distance/ε bin.  Each ground motion record in these 
sets was scaled to match SADS at TA = T1.  The ground motion set for the 10% POE in 50 
years hazard established at T1 = 0.48 seconds for the 4-story archetype SC-CBF (Set A) is 
given in Table 6.3.  SAGM for each ground motion in Set A is plotted versus period in 
Figure 6.8 along with SADS and the median SAGM of the ground motion set.  Similarly, the 
corresponding ground motion sets for the 6, 9, 12, 15, and 18-story archetype SC-CBFs 
(Set B, Set C, Set D, Set E, and Set F, respectively) are given in Tables 6.4, 6.5, 6.6, 6.7, 
and 6.8, respectively.  SAGM for each ground motion in each set, SADS, and the median 
SAGM for ground motion sets B through F are shown in Figures 6.9 through 6.13, 
respectively. 
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A seventh ground motion set (Set G) was selected for the 10% POE in 50 years hazard 
established at the second mode period (T2) of the 9-story archetype SC-CBF (i.e., TA = T2 
= 0.32 seconds).  The ground motions in Set G are scaled to the design spectrum at 0.32 
seconds.  The ground motions in Set G are summarized in Table 6.9.  SAGM for each 
ground motion in Set G is plotted versus period in Figure 6.14 along with SADS and the 
median SAGM of the ground motion set.   
SAGM for all of the ground motions in each ground motion set (Sets A through G) equals 
SADS at TA where the hazard was established, but SAGM does not necessarily equal SADS at 
periods other than TA.  The seismic hazard is defined here as the SA at TA with a certain 
POE in 50 years.  Ground motion sets A through G are based on a seismic hazard defined 
by the SA at TA with 10% POE in 50 years, so it is not expected that SA at some other 
period (TB) would have the same POE in 50 years.  In other words, if the hazard defined 
at TA results from ground motions with a rare SA (i.e., the SA value is in the tail of the 
PDF at TA, as indicated by ε larger than 1.0), then it is not expected that SA at other 
periods for the same ground motion would be equally rare.  Since SADS is an 
approximation of the UHS, then it is expected that SAGM selected for the hazard at TA and 
scaled to match the hazard at TA (represented by SADS at TA) should equal SADS at TA but 
be less than SADS at other periods.  In general, the median SAGM for ground motion sets A 
through G follows this trend. 
The concepts discussed in the last paragraph are documented by Baker (2011).  Baker 
(2011) studied the correlation between the SA at TA and the SA at other periods for ground 
motions for a given magnitude and distance.  Baker (2011) then derived empirical 
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equations that predict the Conditional Mean Spectrum (CMS) (quantified as natural log 
of SA) over a period range where the conditional mean SA at periods other than TA is 
conditioned on SA at TA for a given magnitude, distance, and ε, where ε is established at 
TA.   
As an example, Figure 6.17 shows the CMS for the mean value of the magnitude, 
distance, and ε for the 10% POE in 50 years hazard for the Orange County site at TA = T1 
of the 6-story SC-CBF (note that Figures 6.15 and 6.16 are discussed below).  In Figure 
6.17 the CMS is scaled to match SADS at TA = T1.  The CMS is scaled to match SADS at TA 
= T1 because SADS (not the UHS) is the spectrum of interest for evaluation of the 
archetype SC-CBFs.   Since SADS is only an approximation of the UHS, it is generally not 
expected that the UHS will exactly match SADS at TA = T1.  In Figure 6.17, the median 
SAGM for ground motion Set B is also shown along with the CMS.  The CMS and the 
median SAGM have a similar shape; they equal SADS at T1 (0.84 seconds) and fall below 
SADS at other periods.   
In addition to giving empirical equations for the CMS, Baker (2011) also gives 
relationships for calculating the standard deviation of SA at some period, TB, conditioned 
on SA at TA for a given magnitude, distance, and ε, where ε is established at TA.  Figure 
6.17 shows the median SAGM +/- 2 standard deviations of SAGM for ground motion Set B 
and the CMS +/- 2 standard deviations of the conditional SA.  Notice that the median 
SAGM +/- 2 standard deviations of SAGM for ground motion Set B and the CMS +/- 2 
standard deviations of the conditional SA are similar.  The dispersion is not symmetric 
around the CMS and median SAGM because the dispersion is calculated in natural log 
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space and the plot is in normal space.  The relative consistency between the CMS and 
median SAGM indicates that the ground motion set selected for the 10% POE in 50 years 
seismic hazard established at TA = T1 of the 6-story SC-CBF is a reasonable set of ground 
motions. 
The median SAGM is plotted with the CMS, SADS, the CMS +/- 2 standard deviations of 
the conditional SA (based on Baker 2011), and the median SAGM +/- 2 standard deviations 
of SAGM for ground motions sets A to G in Figures 6.15, 6.17, 6.19, 6.21, 6.23, 6.25 and 
6.27, respectively.  SDDS, the median spectral displacement for the ground motion (SDGM) 
set is plotted with the CMS for SD, the CMS for SD +/- 2 standard deviations of the 
conditional SD (based on Baker 2011), and the median SDGM +/- 2 standard deviations of 
SDGM for ground motions sets A to G in Figures 6.16, 6.18, 6.20, 6.22, 6.24, 6.26 and 
6.28, respectively.  In all cases the CMS was calculated for the mean value of the 
magnitude, distance, and ε for the 10% POE in 50 years hazard for the Orange County 
site at TA. 
For ground motion sets A, C, D, E, F, and G, several ground motion records were 
removed from the initial set based solely on the hazard disaggregation.  Ground motion 
records were removed from the set so that the dispersion in the SAGM, quantified as the 
median SAGM + 2 standard deviations of SAGM would better match the dispersion in the 
conditional SA, quantified as the CMS + 2 standard deviations of the conditional SA 
(based on Baker 2011).  The ground motion sets listed in Tables 6.3 through 6.9 are the 
ground motion sets after these ground motion records were removed.   
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Figure 6.29 demonstrates why some ground motion records were removed from sets A, 
C, D, E, F, and G.  Figure 6.29 shows the median SAGM, the median SAGM +/- 2 standard 
deviations of SAGM, the CMS, and the CMS +/- 2 standard deviations of the conditional 
SA (based on Baker 2011) for ground motion Set F before 3 ground motions were 
removed.  Note that in the short period range the median SAGM +/- 2 standard deviations 
of SAGM for the initial Set F is well above the CMS +/- 2 standard deviations of the 
conditional SA.  After the ground motion records were removed from the set, the median 
SAGM +/- 2 standard deviations of SAGM for the final ground motion set matches the CMS 
+/- 2 standard deviations of the conditional SA (based on Baker 2011) much better in the 
short period range, as shown in Figure 6.25.   
6.2.4 Selection of Ground Motions Sets for General Use 
Ground motion record sets were also selected to represent the seismic hazard at the site in 
Orange County, not at specific periods, but for the archetype SC-CBF structures over a 
range of periods.  Similar sets of ground motion records have been created for previous 
studies, such as the FEMA P695 far-field ground motion set (FEMA 2009) and the SAC 
ground motion set (Somerville el al. 1997).  One issue with ground motion sets created 
for structures with broad range of periods is that if the ground motion records are scaled 
so that SAGM matches SADS at TA, then SAGM at periods away from TA may not be realistic.  
This issue is illustrated in Figure 6.30.  Figure 6.30a shows the SAGM for the records in 
the FEMA P695 far-field ground motion set scaled to SADS at TA = 0.5 seconds 
(representing a short period structure).  Figure 6.30b shows the same ground motion 
records scaled to SADS at TA = 3.0 seconds (representing a long period structure).  While 
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the ground motions scaled at TA = 0.5 seconds are close to SADS at short periods, the same 
ground motions scaled at TA = 3.0 seconds greatly over-estimate SADS in the short period 
range.  Use of a general ground motion set scaled to SADS at only one period may bias the 
assessment of the structural response by unrealistically emphasizing the response of 
higher (short period) modes.  If a general set of ground motions is going to be used for 
many structures, it should be selected and scaled to match the target spectrum (SADS in 
the present research) over a broad period range to avoid unrealistically emphasizing the 
response at periods away from TA.  
Two ground motion sets for general use were created from the PEER-NGA Type D 
database.  These general ground motion sets were selected and scaled to match SADS for 
the Orange County site described in Section 6.1.1.1.  The first ground motion set for 
general use, Set H, is made up of scaled individual ground motion records, which are 
listed in Table 6.10.  The ground motions in Set H were determined by scaling the ground 
motions in the PEER-NGA Type D database to match SADS over a period range of 0.1 to 
7.0 seconds and evaluating the error between the scaled ground motion spectra and SADS 
over the same period range.  Scaled ground motions with relatively small error (SSE from 
Equation 6.2 below) were then selected from the PEER-NGA Type D database to form 
ground motion Set H.  The ground motions in this set were scaled to match SADS over the 
range of 0.1 to 7.0 seconds using a scaling method described in Baker (2011).  Baker 
(2011) gives a simple method of calculating a scale factor for scaling a ground motion to 
a target spectrum across a period range.  The method from Baker (2011) calculates the 
scale factor, which scales the ground motion record so that the average SA of the scaled 
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ground motion record is equal to the average of the target spectrum over the desired 
period range.  Mathematically the scale factor calculated using this method is: 
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where,  
SFj = the scale factor for ground motion j in the ground motion set   
Tk = the k
th
 period in a vector of n periods that will be considered   
SATS(Tk) = the SA of the target spectrum at period Tk, which is taken as the design 
spectrum SADS(Tk) 
SAGM,j(Tk) = the SA of the unscaled ground motion record, j, at period Tk.   
This method of scaling ground motions is used for the general ground motion sets in the 
present research.   
For ground motion Set H, SADS was used as SATS.  Baker (2011) suggests using the sum 
of the squared error between the natural log of SAGM,j and the natural log of SATS to 
indicate how well a scaled ground motion record matches the target spectrum.  Ground 
motion Set H was compared with SATS = SADS using the following equation for the sum 
of the squared error (SSE): 
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where, 
SAGM,j(Tk) = the SA of the ground motion being analyzed at period Tk 
SATS(Tk) = the SA of the target spectrum at period Tk, which is taken as the design 
spectrum SADS(Tk) 
Tk = the k
th
 period in the vector of periods that are considered 
For ground motion Set H, the SSE was calculated comparing SA for each ground motion 
to the design spectrum over two period ranges: 0.1 to 4.0 seconds and 0.1 to 7.0 seconds.  
The period increment was 0.01 seconds.  Data for the SSE for ground motion Set H is 
summarized in Table 6.11.  The maximum SSE for the period range of 0.1 to 4.0 seconds 
is 61.8 while the median value is 26.2.  The maximum SSE for the period range of 0.1 to 
7.0 seconds is 501.6 while the median value is 82.3.  The scale factor for each ground 
motion record in Set H (shown in Table 6.10) is less than 3.0.  SAGM for Set H are shown 
in Figure 6.31 for the period range of 0.1 to 10.0 seconds along with SADS.  The spectral 
displacements (SDGM) for Set H are shown in Figure 6.32 for the period range of 0.1 to 
10.0 seconds.  The median SAGM from ground motion Set H follows SADS reasonably well 
from about 0.3 to 4.0 seconds.  Outside of this range SAGM falls below SADS.  A similar 
trend is evident in the plot of SDGM where the median SDGM begins to fall below SDDS 
between the periods of 3 to 4 seconds, and is far below SDDS at periods longer than 5 
seconds. 
The second ground motion set for general use, labeled Set I, is made up of 18 ground 
motion record pairs (unlike Set H, which is made up of individual records) which were 
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selected from the PEER-NGA Type D database in a similar manner as Set H.  Using 
Equation 6.1, the geometric mean of SAGM for each ground motion pair in Set I was 
scaled to match SADS over the range of 0.1 to 7.0 seconds.  In this case, the geometric 
mean of the SA for the two ground motions in the ground motion pair is used in the 
denominator of Equation 6.1.  The ground motions in Set I are listed in Table 6.12.   
The SSE was calculated for ground motion Set I for two cases.  In the first case, SAGM,j in 
Equation 6.2 was taken as the individual ground motion record.  In the second case, 
SAGM,j in Equation 6.2 was taken as the geometric mean of the SAGM for each ground 
motion record pair.  The period increment was 0.01 seconds in the calculation of the SSE.  
The SSE data is summarized for ground motion Set I in Table 6.13.  The maximum SSE 
for the individual ground motion records over the period range of 0.1 to 7.0 seconds was 
343.4 and the median was 82.0.  The maximum SSE using the geometric mean of SAGM 
for each ground motion record pair over the period range of 0.1 to 7.0 seconds was 292.8 
and the median was 53.7.   
The scale factor for each ground motion in Set I is shown in Table 6.12 and is less than 
3.0.  SAGM for each ground motion in Set I is shown in Figure 6.33 for the period range of 
0.1 to 10.0 seconds along with SADS for the site.   SDGM for each ground motion in Set I is 
shown in Figure 6.34 for the period range of 0.1 to 10.0 seconds.  The median SAGM from 
ground motion Set I follows the SADS reasonably well from about 0.3 to about 4.0 
seconds (Figure 6.33). Outside of this range, the median SAGM falls below SADS.  A 
similar trend is evident in the plot of SD where the median SDGM falls below SDDS at 
periods longer than about 4 seconds (Figure 6.34).   
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The geometric mean of SAGM for each ground motion pair in Set I is plotted in Figure 
6.35 for the period range of 0.1 to 10.0 seconds along with SADS.  The geometric mean of 
SDGM for each ground motion pair in Set I is plotted in Figure 6.36 for the period range of 
0.1 to 10.0 seconds.  The median geometric mean of SAGM for each ground motion pair in 
ground motion Set I follows SADS reasonably well from about 0.3 to about 5.0 seconds 
(Figure 6.35).  Outside of this range, the median SAGM falls below SADS.  A similar trend 
is evident in the plot of SD where the median of the geometric mean of SDGM begins to 
fall below SDDS between the periods of 5 to 6 seconds (Figure 6.36). 
The two general ground motion sets used in the present research (Set H and Set I) were 
intended to be ground motions sets that provide a consistently high level of structural 
response of the archetype SC-CBF structures, as discussed in the next section. 
6.3 Effect of Ground Motion Selection on Structural Response 
Ground motion selection and scaling has a significant impact on the nonlinear time-
history response of a structure.  In this section the effect of ground motion selection on 
the time-history response of the 9-story archetype SC-CBF structure is studied.   
Five different ground motion sets (C, E, F, G, and H) were applied to the nonlinear 
numerical simulation model described in Chapter 5 for the 9-story archetype SC-CBF 
structure.  The members in the nonlinear numerical simulation model were kept elastic, 
but the PT bars were allowed to yield.   
As explained earlier, ground motion sets C, E, F, and G were selected to represent the 
target seismic hazard (10% POE in 50 years for the site in Orange County in Southern 
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California) at several periods corresponding to the archetype SC-CBF structures.  These 
ground motion sets have the correct spectral shapes to represent the target seismic hazard 
at the specified periods.  Ground motion Set C represents the target seismic hazard 
established at T1 of the 9-story SC-CBF, where T1 = 1.32 seconds.  Ground motion sets E, 
F, and G represent the target seismic hazard at periods of 2.39 seconds, 3.30 seconds, and 
0.32 seconds, respectively.  Table 6.14 shows that the median SAGM at 1.32 seconds for 
ground motion sets E, F, and G, is less than the target spectral acceleration SADS (TA = 
1.32 seconds) = 0.455g and represents a POE in 50 years that is larger than 10% at 1.32 
seconds.  These results indicate that (according to the selected ground motion intensity 
measure SAGM (T1)) these ground motion sets should be less demanding for the 9-story 
SC-CBF. 
The ground motion sets (C, E, F, and G) were applied to the 9-story SC-CBF to 
understand if a ground motion set selected to match the seismic hazard (i.e., SA with 10% 
POE in 50 years and with the correct spectral shape) established at T1 of a structure 
produces the largest level of nonlinear structural response.  The (counter-intuitive) 
concern is that ground motion sets with a smaller median SAGM at T1 (with larger POE in 
50 years at T1 (e.g. 15%)) but with a larger median SAGM at periods longer than T1 will 
produce a larger response.  As noted earlier, ground motion Set H, which is also applied 
to the 9-story SC-CBF, is a general ground motion set intended to match SADS over a 
broad period range.  Ground motion Set H represents, in a median sense, the case where 
the SA demand has approximately the target POE in 50 years over a broad period range 
and is intended to be an upper bound case. 
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The peak roof drift demands (θr,Peak) from time-history analyses of the 9-story SC-CBF 
using ground motions sets C, E, F, G, and H are shown in Figure 6.37.  θr,Peak is the 
maximum of the absolute value of the horizontal roof displacement for each ground 
motion divided by the height of the SC-CBF.  The median value of θr,Peak is also shown 
for each ground motion set.  The figure shows that ground motion sets E and F, selected 
to match the target seismic hazard at periods longer than T1 = 1.32 seconds  of the 9-story 
SC-CBF, produce larger median drift demands than ground motion Set C.  Ground 
motion Set H produces the largest median θr,Peak while ground motion Set G produces the 
smallest median θr,Peak.  This result is inconsistent with the median SAGM values at T1 = 
1.32 seconds for ground motion sets C, E, and F given in Table 6.14.  Based on the 
median SAGM at T1 = 1.32 seconds of the 9-story SC-CBF, ground motion Set C is 
expected to produce a larger demand than ground motion sets E, F, and G.  This result 
suggests that a ground motion set on a period greater than T1 may be more appropriate, 
keeping in mind that ground motion sets C, E, F, and G all match the target seismic 
hazard of 10% POE in 50 years, but at different periods.  If a period other than T1 is 
appropriate, then selecting the appropriate value as the period of interest, TA, is a 
significant challenge. For this reason, the use of a general ground motion set, like ground 
motion Set H, may be more appropriate. 
The peak normalized PT bar force demands (PTNorm) from time-history analyses of the 9-
story SC-CBF using ground motions sets C, E, F, G, and H are shown in Figure 6.38.  
PTNorm is the peak PT bar force divided by the nominal yield force for the PT bars.  The 
median PTNorm follows a similar trend as θr,Peak for the different ground motion sets. 
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The median values of the peak normalized column axial force utilization (UColumn,TH) 
from time-history analyses of the 9-story SC-CBF under ground motions sets C, E, F, G, 
and H are shown in Figure 6.39.  UColumn,TH is the peak column axial force divided by the 
design axial force.  The 5% POE values of UColumn,TH from time-history analyses of the 9-
story SC-CBF under ground motions sets C, E, F, G, and H are shown in Figure 6.40.  
Figure 6.41 is the same as Figure 6.40, but UColumn,TH for the 9
th
 story are excluded and 
the vertical axis scale is changed to better differentiate the response between the ground 
motion sets.  Ground motion Set H produces the largest median UColumn,TH for all stories, 
while ground motion Set G generally produces the second largest UColumn,TH.  Ground 
motion Set H consistently produces the largest 5% POE UColumn,TH.  This trend is a 
concern because, based on the median SAGM at T1 = 1.32 seconds, ground motion Set C is 
expected to produce the largest demand out of ground motion sets C, E, F, and G. 
The median values of the peak normalized brace axial utilization (UBrace,TH) from time-
history analyses of the 9-story SC-CBF under ground motions sets C, E, F, G, and H are 
shown in Figure 6.42.  UBrace,TH is the peak brace axial force for the story divided by the 
design axial force.  The 5% POE values of UBrace,TH from time-history analyses of the 9-
story SC-CBF under ground motions sets C, E, F, G, and H are shown in Figure 6.43.  
Ground motion Set H consistently produces the largest median and the largest 5% POE 
UBrace,TH while ground motion set G generally produces the second largest response.  The 
response produced by ground motion Set C is usually in the middle or lower range of 
response for the five ground motion sets studied.  The difference in response between 
ground motion Set C and ground motion Set H varies from about 5% to about 20%.  This 
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trend is a concern because, based on the median SAGM at T1 = 1.32 seconds, ground 
motion Set C is expected to produce the largest demand out of ground motion sets C, E, 
F, and G. 
Selecting ground motions to represent the seismic hazard established at T1 of the structure 
is common practice and is expected to produce the largest response for the given seismic 
hazard.  However, the results given above show that ground motion sets that are selected 
to represent the seismic hazard at a period other than T1 can produce a larger response 
than ground motion sets selected to represent the seismic hazard at T1.  These results 
make it difficult to select the period of interest, TA, at which the seismic hazard should be 
established for ground motion selection.  TA should be selected to produce the largest 
response for the given seismic hazard level, however, the value of TA producing the 
largest response may change depending on the structural characteristics.  To understand 
this issue better, a study of the effect of structural characteristics and ground motion 
selection on structural response was carried out and is discussed in the next section.  
6.4 Single Degree-of-Freedom Study of the Effect of Structural Parameters and 
Ground Motion Selection on Peak Response 
It was shown in previous sections of this document that the selected ground motion set 
has a significant impact on the time-history response of a structure.  This section studies 
the impact of the selected ground motion set on the ductility demand ratio (μR) of single 
degree-of-freedom (SDOF) structures when the response modification coefficient (R), the 
energy dissipation ratio (βE), and the ratio of the post-yield stiffness to the initial stiffness 
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( k) are varied.  μR is defined as the peak displacement fom the nonlinear time-history 
analysis of the SDOF structure divided by the yield displacement.  βE and  k were 
described in Section 3.3.2.  R is the ratio of the yield strength of the SDOF system to the 
strength of an elastic SDOF system determined using SADS at TA = 1.32 seconds. 
The period of the SDOF system was set at 1.32 seconds, to coincide with T1 of the 9-
story archetype SC-CBF.  The strength of the SDOF system was defined relative to SADS 
at a period of 1.32 seconds (0.455 g).  The inherent damping of the SDOF system was 
5%.  Newmark-Beta constant average acceleration integration with Modified Newton-
Raphson iteration (Chopra 2007) was used to solve the response of the SDOF system to 
the ground motion acceleration input.  Ground motion sets C, E, F, G, and H were used in 
this study. 
The ratio of the median SAGM at a period of 1.32 seconds (0.455 g) divided by the median 
SAGM of ground motion Set C at 1.32 seconds for ground motion sets C, E, F, G, and H is 
shown in Table 6.14.  This ratio indicates the relative intenstity of the ground motion set 
relative to ground motion Set C at a period of 1.32 seconds.  If the ratio of ground motion 
Set “X” to Set C is less than 1.00, then the response of the nonlinear SDOF system 
subjected to ground motion Set X is expected to be less than the response of the nonlinear 
SDOF system subjected to ground motion Set C. 
Median μR values for SDOF systems with various values of response modification 
coefficient (R), energy dissipation ratio (βE), and ratio of the post-yield stiffness to the 
initial stiffness ( k) for ground motion sets C, E, F, G, and H are shown in Figures 6.44 
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through 6.63.  In these figures, the median μR is plotted as  k is varied from 0 to 0.20.  
Each figure shows results for a given value of R and βE.  Figures 6.44 through 6.47 show 
median μR when R is 2 and βE is varied from 0%, 37.5%, 75%, and 100%, respectively.  
The SDOF system with βE of 100% is a bilinear elastic-plastic system.  Figures 6.48 
through 6.51 show median μR when R is 4 and βE is varied from 0%, 37.5%, 75%, and 
100%, respectively.  Figures 6.52 through 6.55 show median μR when R is 6 and βE is 
varied from 0%, 37.5%, 75%, and 100%, respectively.  Figures 6.56 through 6.59 show 
median μR when R is 8 and βE is varied from 0%, 37.5%, 75%, and 100%, respectively.  
Figures 6.60 through 6.63 show median μR when R is 10 and βE is varied from 0%, 
37.5%, 75%, and 100%, respectively.   
When R is 2 and βE varies from 0% to 100% (Figure 6.44 through Figure 6.47), ground 
motion Set H produces the largest median μR.  Ground motion Set C produces the second 
largest median μR while ground motion Set G produces the lowest median μR.  These 
results show that even though some nonlinear response is introduced with R = 2, similar 
to a linear elastic system, the ground motion sets with the largest median SAGM at a period 
1.32 seconds produce the largest median μR.   k did not have a significant effect on the 
median μR when R is 2.   
When R is 4 and βE varies from 0% to 100% (Figure 6.48 through 6.51), ground motion 
Set H produces the largest median μR.  The median μR produced for ground motion sets C 
and E is about the same.  Ground motion Set C generally produces the second largest 
median μR of the five ground motion sets.  The effect of  k was generally small when R is 
4 except when βE was 100%.  For the case where R is 4 and βE is 100%, there is a clear 
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trend of increasing median μR when  k decreases. Note that in Figure 6.55 the curves for 
ground motion sets C and E are essentially on top of each other and therefore it appears 
that the curve for ground motion Set C is missing from the plot.  When  k is low (5% or 
less), the median μR is higher for βE = 100% than βE = 75% for all ground motion sets. 
When R is 6 and βE varies from 0% to 100% (Figure 6.52 through Figure 6.55), ground 
motion Set H produces the largest median μR.  Ground motion Set E generally produces 
the second largest μR and ground motion Set C generally produces the third largest μR.  
As βE increases up to 75% (Figure 6.54) and 100% (Figure 6.55), μR for ground motion 
Set C becomes closer to μR for ground motion Set E.  There is a trend of the median μR 
increasing with decreasing  k for ground motion Sets E, F, and H.  The μR for ground 
motion sets C and G is not significantly affected by  k except for when βE is 100%.  
When βE is 100%, all of the ground motion sets show a general trend of increasing 
median μR when  k decreases.  When  k is 0 %, the median μR is higher for βE = 100% 
than βE = 75% for all ground motion sets. 
When R is 8 and βE varies from 0% to 100% (Figure 6.56 through Figure 6.59), ground 
motion Sets H and E both produce a larger median μR than ground motion Set C for all 
cases studied.  Ground motion Set H produces the largest median μR.  For about half of 
the cases studied (the cases with  k of about 10% or less), ground motion Set F produces 
a larger median μR than ground motion Set C.  When  k is 0 %, the median μR is higher 
for βE = 100% than βE = 75% for all ground motion sets. 
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When R is 10 and βE varies from 0%  to 100% (Figure 6.60 through Figure 6.63), ground 
motion Set H produces the largest median μR.  Ground motion Set E generally produces 
the second largest μR while ground motion Set F produces various results, including the 
second, third and fourth largest median μR.  Ground motion Set C generally produces the 
fourth largest median μR.  There was a strong effect of  k on the median μR for ground 
motion Set F when βE was 0% and 37.5%.  When  k is 0 %, the median μR is higher for βE 
= 100% than βE = 75% for all ground motion sets. 
For all cases in the SDOF study, ground motion Set H produces the largest median μR.  
The ground motion set producing the next largest median μR was influenced by R and βE.  
For low R values (2 and 4) ground motion Set C generally produces the second largest 
median μR.  As R increased (6, 8 and 10) ground motion Set E produceds the second 
largest median μR in most cases.  βE had a significant effect on the median μR.   
The results of the SDOF study are consistent with the results discussed in the previous 
sections, which show that ground motion sets selected for the seismic hazard established 
at TA other than T1 can produce a larger response for SC-CBFs and other self-centering 
(SC) structures (with low values of βE) than ground motion sets selected to match the 
seismic hazard established at TA = T1, the SDOF results show this result especially when 
R is large or βE is small.  These results suggest that the process used to select a ground 
motion set may influence the response of SC structures (with relatively low values of βE) 
more than for conventional bilinear elastic-plastic structures with a similar R. 
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The results also show that ground motion sets selected to represent the target hazard 
spectrum (e.g., SADS) over a broad period range produce larger responses in all cases than 
ground motion sets selected to represent the seismic hazard established at a specific 
period.  This result was shown for both the 9-story SC-CBF and for SC SDOF systems.  
Since the period of interest, TA, for establishing the seismic hazard to produce the largest 
structural response is unknown, a ground motion set selected for a broad period range 
(Set H or Set I) was used to evaluate the archetype SC-CBF structures in this research. 
6.5 Ground Motions Sets for Further Study of Archetype SC-CBF Structures 
In this chapter it was shown that the response of SC systems can be significantly 
impacted by the choice of the ground motion sets used in time-history analyses.  As 
discussed in later chapters, one or two ground motion sets were used for each archetype 
SC-CBF in this research to produce a reasonable estimate of the peak drift and peak 
member force demands.  Ground motion sets A, B, C, D, E, and F were applied to the 4, 
6, 9, 12, 15, and 18-story archetype SC-CBFs, respectively.  Ground motion Set I (a 
ground motion set for general use) was used with all archetype SC-CBFs.  Ground 
motion Set I was intended to be a set of ground motions that would satisfy, 
approximately, multiple selection and scaling criteria (i.e., ASCE 7-10 criteria for 
reponse history analysis), and could also be used for other studies outside of the scope of 
the research in this document. 
322 
 
Table 6.1 – Parameters of Orange County, California site chosen for design of archetype 
SC-CBF structures 
Site Parameter Value 
Latitude 33.821
◦
N 
Longitude -117.818
◦
 
NEHRP Soil Classification D 
Vs30 308.6 m/s 
SS (ASCE 7-05) 1.5 g 
S1 (ASCE 7-05) 0.545 g 
SS (ASCE 7-10) 1.5 g 
S1 (ASCE 7-10) 0.587 g 
SS (Final Design) 1.5 g 
S1 (Final Design) 0.6 g 
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Table 6.2 – Results for 2% probability of exceedance in 50 years seismic hazard 
disaggregation for Orange County, California site when TA = 0.5 seconds 
 
Dist. (km) M 
Contribution to Hazard (%) 
0.5 < ε ≤ 1.0 1.0 < ε ≤ 2.0 2.0 < ε ≤ 3.0 
7.5 5.25 0 0 1.23 
7.5 5.75 0 2.28 0.61 
7.5 6.25 0 5.86 0 
7.5 6.75 1.79 30 0 
7.5 7.25 0 2.21 0 
12.5 5.25 0 0 0.05 
12.5 5.75 0 0 0.99 
12.5 6.25 0 3.55 1 
12.5 6.75 0 8.98 0 
12.5 7.25 0 2.68 0 
17.5 5.75 0 0 0.03 
17.5 6.25 0 0.28 1.71 
17.5 6.75 0 19.33 5.81 
17.5 7.25 0 1.48 0 
22.5 6.25 0 0 0.48 
22.5 6.75 0 0 1.54 
22.5 7.25 0 0.02 0.88 
27.5 6.25 0 0 0.05 
27.5 6.75 0 0 0.98 
27.5 7.25 0 0 0.75 
32.5 6.75 0 0 0.58 
32.5 7.25 0 0 0.71 
32.5 7.75 0 0 0.01 
37.5 6.25 0 0 0.06 
37.5 6.75 0 0 0.29 
37.5 7.25 0 0 0.56 
37.5 7.75 0 0 0.05 
57.5 7.75 0 0 2.39 
57.5 8.25 0 0 0.72 
62.5 7.75 0 0 0.03 
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Table 6.3 – Ground motion Set A selected for 10% POE in 50 years hazard established at 
TA = 0.48 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
231/1980 
Mammoth 
Lakes-01 
Long Valley Dam 000 6.06 12.56 1.49 
236/1980 
Mammoth 
Lakes-03 
Convict Creek 090 5.91 5.90 1.96 
248/1980 
Mammoth 
Lakes-06 
Convict Creek 090 5.94 12.03 1.82 
738/1989 Loma Prieta 
Alameda Naval Air 
Stn Hanger 
180 6.93 70.90 1.73 
743/1989 Loma Prieta Bear Valley #10 220 6.93 66.89 2.30 
743/1989 Loma Prieta Bear Valley #10 310 6.93 66.89 2.96 
1003/1994 Northridge-01 LA-Saturn St 020 6.69 21.17 1.03 
1003/1994 Northridge-01 LA-Saturn St 110 6.69 21.17 0.86 
1044/1994 Northridge-01 Newhall Fire Stat. 360 6.69 3.16 0.65 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 228 6.69 6.50 0.55 
1101/1995 Kobe, Japan Amagasaki 000 6.90 11.34 1.03 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 0.84 
1104/1995 Kobe, Japan Fukushima 090 6.90 17.85 1.90 
1106/1995 Kobe, Japan KJMA 000, 6.90 0.94 0.43 
1107/1995 Kobe, Japan Kakogawa 000 6.90 22.50 1.95 
1107/1995 Kobe, Japan Kakogawa 090 6.90 22.50 1.46 
1115/1995 Kobe, Japan Sakai 000 6.90 28.08 2.79 
1116/1995 Kobe, Japan Shin-Osaka 090 6.90 19.14 1.68 
1118/1995 Kobe, Japan Tadoka 000 6.90 31.69 1.96 
1121/1995 Kobe, Japan Yae 090 6.90 27.77 2.84 
1160/1999 Kocaeli, Turkey Fatih 000 7.51 53.34 1.21 
1160/1999 Kocaeli, Turkey Fatih 090 7.51 53.34 2.63 
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Table 6.4 – Ground motion Set B selected for 10% POE in 50 years hazard established at 
TA = 0.84 seconds 
 
PEER-
NGA 
Record 
Seq. #/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
231/1980 
Mammoth 
Lakes-01 
Long Valley Dam 000 6.06 12.56 2.07 
558/1986 
Chalfant Valley-
02 
Zack Brothers 
Ranch 
270 6.19 6.44 1.26 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
360 6.54 23.85 1.53 
738/1989 Loma Prieta 
Alameda Naval Air 
Stn Hanger 
180 6.93 70.90 1.60 
738/1989 Loma Prieta 
Alameda Naval Air 
Stn Hanger 
270 6.93 70.90 1.54 
848/1992 Landers Coolwater TR 7.28 19.74 1.27 
900/1992 Landers Yermo Fire Station 360 7.28 23.62 2.52 
1044/1994 Northridge-01 Newhall Fire Stat. 360 6.69 3.16 0.56 
1100/1995 Kobe, Japan Abeno 000 6.90 24.85 2.58 
1101/1995 Kobe, Japan Amagasaki 000 6.90 11.34 1.00 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 0.62 
1104/1995 Kobe, Japan Fukushima 000 6.90 17.85 0.84 
1104/1995 Kobe, Japan Fukushima 090 6.90 17.85 1.23 
1106/1995 Kobe, Japan KJMA 000 6.90 0.94 0.38 
1106/1995 Kobe, Japan KJMA 090 6.90 0.94 0.38 
1116/1995 Kobe, Japan Shin-Osaka 000 6.90 19.14 1.28 
1116/1995 Kobe, Japan Shin-Osaka 090 6.90 19.14 1.68 
1118/1995 Kobe, Japan Tadoka 000 6.90 31.69 2.25 
1121/1995 Kobe, Japan Yae 000 6.90 27.77 0.98 
1121/1995 Kobe, Japan Yae 090 6.90 27.77 1.64 
1160/1999 Kocaeli, Turkey Fatih 000 7.51 53.34 2.63 
1221/1999 Chi-Chi, Taiwan CHY065 E 7.62 82.78 2.33 
1312/1999 Chi-Chi, Taiwan ILA006 N 7.62 82.69 2.77 
1312/1999 Chi-Chi, Taiwan ILA006 W 7.62 82.69 2.36 
1317/1999 Chi-Chi, Taiwan ILA013 N 7.62 81.71 1.41 
1317/1999 Chi-Chi, Taiwan ILA013 W 7.62 81.71 1.54 
1320/1999 Chi-Chi, Taiwan ILA016 N 7.62 79.90 2.60 
1320/1999 Chi-Chi, Taiwan ILA016 W 7.62 79.90 2.62 
1602/1999 Duzce, Turkey Bolu 090 7.14 12.02 0.52 
1762/1999 Hector Mine Amboy 360 7.13 41.82 2.02 
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Table 6.5 – Ground motion Set C selected for 10% POE in 50 years hazard established at 
TA = 1.32 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
090 6.54 23.85 2.35 
900/1992 Landers Yermo Fire Stat. 270 7.28 23.62 0.83 
1044/1994 Northridge-01 Newhall Fire Stat. 090 6.69 3.16 0.63 
1044/1994 Northridge-01 Newhall Fire Stat. 360 6.69 3.16 0.46 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 228 6.69 6.50 0.36 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 318 6.69 6.50 0.58 
1100/1995 Kobe, Japan Abeno 090 6.90 24.85 2.09 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 0.98 
1104/1995 Kobe, Japan Fukushima 000 6.90 17.85 1.11 
1106/1995 Kobe, Japan KJMA 000 6.90 0.94 0.49 
1107/1995 Kobe, Japan Kakogawa 000 6.90 22.50 2.50 
1107/1995 Kobe, Japan Kakogawa 090 6.90 22.50 1.89 
1110/1995 Kobe, Japan Morigawachi 090 6.90 24.78 2.20 
1116/1995 Kobe, Japan Shin-Osaka 000 6.90 19.14 1.35 
1116/1995 Kobe, Japan Shin-Osaka 090 6.90 19.14 1.55 
1121/1995 Kobe, Japan Yae 000 6.90 27.77 1.65 
1121/1995 Kobe, Japan Yae 090 6.90 27.77 1.64 
1149/1999 Kocaeli, Turkey Atakoy 000 7.51 56.49 2.03 
1155/1999 Kocaeli, Turkey Bursa Tofas 090 7.51 60.43 1.75 
1264/1999 Chi-Chi, Taiwan HWA013 E 7.62 50.51 1.09 
1317/1999 Chi-Chi, Taiwan ILA013 W 7.62 81.71 1.46 
1320/1999 Chi-Chi, Taiwan ILA016 W 7.62 79.90 2.17 
1324/1999 Chi-Chi, Taiwan ILA030 E 7.62 83.25 1.88 
1329/1999 Chi-Chi, Taiwan ILA037 E 7.62 81.70 1.84 
1329/1999 Chi-Chi, Taiwan ILA037 N 7.62 81.70 1.44 
1413/1999 Chi-Chi, Taiwan TAP007 S 7.62 102.16 2.20 
1413/1999 Chi-Chi, Taiwan TAP007 W 7.62 102.16 2.29 
1424/1999 Chi-Chi, Taiwan TAP028 E 7.62 94.73 2.49 
1424/1999 Chi-Chi, Taiwan TAP028 N 7.62 94.73 2.24 
1762/1999 Hector Mine Amboy 090 7.13 41.82 2.27 
1810/1999 Hector Mine 
Mecca - CVWD 
Yard 
090 7.13 91.96 2.32 
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Table 6.6 – Ground motion Set D selected for 10% POE in 50 years hazard established at 
TA = 1.78 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
169/1979 
Imperial Valley-
06 
Delta 352 6.53 22.03 1.15 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
090 6.54 23.85 1.97 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
360 6.54 23.85 1.05 
821/1992 Erzican, Turkey Erzincan NS 6.69 4.38 0.51 
900/1992 Landers Yermo Fire Stat. 270 7.28 23.62 1.27 
1044/1994 Northridge-01 
Newhall Fire 
Stat. 
360 6.69 3.16 0.65 
1063/1994 Northridge-01 
Rinaldi Rec. 
Stat. 
228 6.69 6.50 0.48 
1101/1995 Kobe, Japan Amagasaki 000 6.90 11.34 0.74 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 0.77 
1104/1995 Kobe, Japan Fukushima 000 6.90 17.85 0.30 
1104/1995 Kobe, Japan Fukushima 090 6.90 17.85 1.44 
1106/1995 Kobe, Japan KJMA 000 6.90 0.94 0.65 
1107/1995 Kobe, Japan Kakogawa 000 6.90 22.50 1.28 
1116/1995 Kobe, Japan Shin-Osaka 090 6.90 19.14 1.98 
1167/1999 Kocaeli, Turkey Kutahya 090 7.51 145.06 3.00 
1167/1999 Kocaeli, Turkey Kutahya 180 7.51 145.06 2.84 
1265/1999 Chi-Chi, Taiwan HWA014 N 7.62 51.49 1.49 
1314/1999 Chi-Chi, Taiwan ILA008 W 7.62 82.41 1.95 
1316/1999 Chi-Chi, Taiwan ILA012 W 7.62 85.88 1.74 
1410/1999 Chi-Chi, Taiwan TAP003 E 7.62 101.27 1.46 
1410/1999 Chi-Chi, Taiwan TAP003 N 7.62 101.27 1.09 
1411/1999 Chi-Chi, Taiwan TAP005 E 7.62 105.45 2.01 
1411/1999 Chi-Chi, Taiwan TAP005 N 7.62 105.45 2.01 
1415/1999 Chi-Chi, Taiwan TAP010 E 7.62 99.89 2.13 
1415/1999 Chi-Chi, Taiwan TAP010 N 7.62 99.89 1.36 
1418/1999 Chi-Chi, Taiwan TAP014 E 7.62 101.63 1.78 
1418/1999 Chi-Chi, Taiwan TAP014 N 7.62 101.63 2.12 
1454/1999 Chi-Chi, Taiwan TAP090 E 7.62 103.65 2.20 
1454/1999 Chi-Chi, Taiwan TAP090 N 7.62 103.65 2.79 
1762/1999 Hector Mine Amboy 090 7.13 41.82 1.71 
1813/1999 Hector Mine Morongo Valley 090 7.13 53.17 1.62 
2507/1999 
Chi-Chi, Taiwan-
03 
CHY101 N 6.20 24.40 1.70 
 
328 
 
Table 6.7 – Ground motion Set E selected for 10% POE in 50 years hazard established at 
TA = 2.39 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
171/1979 
Imperial Valley-
06 
EC Meloland 
Overpass FF 
270 6.53 0.07 0.53 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
090 6.54 23.85 1.32 
821/1992 Erzican, Turkey Erzincan NS 6.69 4.38 0.51 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 228 6.69 6.50 0.71 
1100/1995 Kobe, Japan Abeno 090 6.90 24.85 1.91 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 0.90 
1104/1995 Kobe, Japan Fukushima 090 6.90 17.85 1.40 
1107/1995 Kobe, Japan Kakogawa 000 6.90 22.50 2.64 
1110/1995 Kobe, Japan Morigawachi 000 6.90 24.78 1.32 
1115/1995 Kobe, Japan Sakai 000 6.90 28.08 1.69 
1116/1995 Kobe, Japan Shin-Osaka 000 6.90 19.14 1.75 
1121/1995 Kobe, Japan Yae 000 6.90 27.77 1.43 
1194/1999 Chi-Chi, Taiwan CHY025 E 7.62 19.09 0.85 
1244/1999 Chi-Chi, Taiwan CHY101 N 7.62 9.96 0.55 
1262/1999 Chi-Chi, Taiwan HWA011 N 7.62 49.29 1.15 
1264/1999 Chi-Chi, Taiwan HWA013 E 7.62 50.51 1.51 
1264/1999 Chi-Chi, Taiwan HWA013 N 7.62 50.51 1.20 
1265/1999 Chi-Chi, Taiwan HWA014 E 7.62 51.49 2.18 
1295/1999 Chi-Chi, Taiwan HWA049 N 7.62 46.65 1.08 
1316/1999 Chi-Chi, Taiwan ILA012 N 7.62 85.88 2.09 
1317/1999 Chi-Chi, Taiwan ILA013 N 7.62 81.71 1.49 
1329/1999 Chi-Chi, Taiwan ILA037 N 7.62 81.70 1.56 
1331/1999 Chi-Chi, Taiwan ILA041 W 7.62 85.66 1.67 
1336/1999 Chi-Chi, Taiwan ILA048 W 7.62 86.68 1.72 
1337/1999 Chi-Chi, Taiwan ILA049 E 7.62 85.67 1.83 
1411/1999 Chi-Chi, Taiwan TAP005 E 7.62 105.45 1.84 
1414/1999 Chi-Chi, Taiwan TAP008 E 7.62 102.84 1.75 
1415/1999 Chi-Chi, Taiwan TAP010 E 7.62 99.89 1.36 
1415/1999 Chi-Chi, Taiwan TAP010 N 7.62 99.89 1.90 
1762/1999 Hector Mine Amboy 090 7.13 41.82 2.17 
1762/1999 Hector Mine Amboy 360 7.13 41.82 2.23 
 
329 
 
Table 6.8 – Ground motion Set F selected for 10% POE in 50 years hazard established at 
TA = 3.30 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
171/1979 
Imperial Valley-
06 
EC Meloland 
Overpass FF 
270 6.53 0.07 0.52 
729/1987 
Superstition 
Hills-02 
Wildlife Liquef. 
Array 
090 6.54 23.85 1.58 
744/1989 Loma Prieta 
Bear Valley #12_ 
Williams Ranch 
220 6.93 50.71 2.84 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 318 6.69 6.50 0.92 
1101/1995 Kobe, Japan Amagasaki 000 6.90 11.34 1.26 
1104/1995 Kobe, Japan Fukushima 000 6.90 17.85 1.35 
1155/1999 Kocaeli, Turkey Bursa Tofas 000 7.51 60.43 2.03 
1155/1999 Kocaeli, Turkey Bursa Tofas 090 7.51 60.43 2.72 
1194/1999 Chi-Chi, Taiwan CHY025 E 7.62 19.09 0.68 
1195/1999 Chi-Chi, Taiwan CHY026 E 7.62 29.53 0.96 
1238/1999 Chi-Chi, Taiwan CHY092 W 7.62 22.70 0.79 
1244/1999 Chi-Chi, Taiwan CHY101 E 7.62 9.96 0.50 
1260/1999 Chi-Chi, Taiwan HWA007 N 7.62 52.62 2.27 
1269/1999 Chi-Chi, Taiwan HWA019 N 7.62 51.87 1.58 
1294/1999 Chi-Chi, Taiwan HWA048 W 7.62 47.36 1.42 
1309/1999 Chi-Chi, Taiwan ILA003 N 7.62 90.63 2.06 
1309/1999 Chi-Chi, Taiwan ILA003 W 7.62 90.63 1.33 
1311/1999 Chi-Chi, Taiwan ILA005 W 7.62 84.88 1.75 
1314/1999 Chi-Chi, Taiwan ILA008 N 7.62 82.41 1.78 
1317/1999 Chi-Chi, Taiwan ILA013 W 7.62 81.71 1.64 
1323/1999 Chi-Chi, Taiwan ILA027 N 7.62 80.79 1.43 
1336/1999 Chi-Chi, Taiwan ILA048 N 7.62 86.68 1.65 
1336/1999 Chi-Chi, Taiwan ILA048 W 7.62 86.68 1.69 
1410/1999 Chi-Chi, Taiwan TAP003 E 7.62 101.27 1.50 
1410/1999 Chi-Chi, Taiwan TAP003 N 7.62 101.27 1.24 
1762/1999 Hector Mine Amboy 090 7.13 41.82 2.82 
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Table 6.9 – Ground motion Set G selected for 10% POE in 50 years hazard established at 
TA = 0.32 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
160/1979 
Imperial Valley-
06 
Bonds Corner 230 6.53 0.47 0.46 
169/1979 
Imperial Valley-
06 
Delta 352 6.53 22.03 1.30 
231/1980 
Mammoth Lakes-
01 
Long Valley Dam 000 6.06 12.56 1.66 
231/1980 
Mammoth Lakes-
01 
Long Valley Dam 090 6.06 12.56 1.97 
236/1980 
Mammoth Lakes-
03 
Convict Creek 090 5.91 5.90 1.68 
248/1980 
Mammoth Lakes-
06 
Convict Creek 090 5.94 12.03 1.60 
558/1986 
Chalfant Valley-
02 
Zack Brothers 
Ranch 
270 6.19 6.44 0.72 
743/1989 Loma Prieta 
Bear Valley #10_ 
Webb Residence 
220 6.93 66.89 2.88 
783/1989 Loma Prieta 
Oakland - Outer 
Harbor Wharf 
000 6.93 74.16 1.93 
821/1992 Erzican, Turkey Erzincan EW 6.69 4.38 0.73 
1003/1994 Northridge-01 LA - Saturn St 110 6.69 21.17 0.78 
1044/1994 Northridge-01 Newhall Fire Stat. 090 6.69 3.16 0.39 
1044/1994 Northridge-01 Newhall Fire Stat. 360 6.69 3.16 0.51 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 228 6.69 6.50 0.60 
1063/1994 Northridge-01 Rinaldi Rec. Stat. 318 6.69 6.50 0.63 
1100/1995 Kobe, Japan Abeno 000 6.90 24.85 2.32 
1105/1995 Kobe, Japan HIK 090 6.90 95.72 2.42 
1106/1995 Kobe, Japan KJMA 000 6.90 0.94 0.46 
1106/1995 Kobe, Japan KJMA 090 6.90 0.94 0.64 
1107/1995 Kobe, Japan Kakogawa 000 6.90 22.50 2.23 
1107/1995 Kobe, Japan Kakogawa 090 6.90 22.50 0.10 
1115/1995 Kobe, Japan Sakai 000 6.90 28.08 2.17 
1115/1995 Kobe, Japan Sakai 090 6.90 28.08 2.46 
1118/1995 Kobe, Japan Tadoka 000 6.90 31.69 1.24 
1118/1995 Kobe, Japan Tadoka 090 6.90 31.69 1.74 
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Table 6.10 – Ground motion Set H selected so SAGM approximates SADS across period 
range of 0.1-7.0 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
161/1979 Imperial Valley-06 Brawley Airport 315 6.53 8.54 2.29 
165/1979 Imperial Valley-06 Chihuahua 282 6.53 7.29 2.02 
169/1979 Imperial Valley-06 Delta 262 6.53 22.03 1.78 
169/1979 Imperial Valley-06 Delta 352 6.53 22.03 1.45 
179/1979 Imperial Valley-06 
El Centro Array 
#4 
140 6.53 4.90 1.39 
728/1987 
Superstition Hills-
02 
Westmorland 
Fire Station 
090 6.54 13.03 2.32 
778/1989 Loma Prieta 
Hollister Diff. 
Array 
165 6.93 24.52 1.58 
783/1989 Loma Prieta 
Oakland - Outer 
Harbor Wharf 
000 6.93 74.16 1.73 
949/1994 Northridge-01 
Arleta-Nordhoff 
Fire Station 
360 6.69 3.30 1.98 
1100/1995 Kobe, Japan Abeno 090 6.90 24.85 2.77 
1101/1995 Kobe, Japan Amagasaki 000 6.90 11.34 1.27 
1101/1995 Kobe, Japan Amagasaki 090 6.90 11.34 1.11 
1110/1995 Kobe, Japan Morigawachi 090 6.90 24.78 2.86 
1116/1995 Kobe, Japan Shin-Osaka 000 6.90 19.14 2.04 
1187/1999 Chi-Chi, Taiwan CHY015 W 7.62 38.14 2.47 
1269/1999 Chi-Chi, Taiwan HWA019 N 7.62 51.87 2.91 
1294/1999 Chi-Chi, Taiwan HWA048 N 7.62 47.36 2.81 
1294/1999 Chi-Chi, Taiwan HWA048 W 7.62 47.36 2.78 
1317/1999 Chi-Chi, Taiwan ILA013 N 7.62 81.71 2.44 
1762/1999 Hector Mine Amboy 090 7.13 41.82 2.04 
1762/1999 Hector Mine Amboy 360 7.13 41.82 2.45 
1810/1999 Hector Mine 
Mecca - CVWD 
Yard 
090 7.13 91.96 2.94 
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Table 6.11 – Sum of squared error (SSE) data comparing SAGM ground motion Set H with 
SADS using period increment of 0.01 seconds 
 
Period Range Median SSE Maximum SSE 
0.1-4.0 seconds 26.2 61.8 
0.1-7.0 seconds 82.3 501.6 
 
Table 6.12 – Ground motion Set I selected so geometric mean of SAGM for each ground 
motion pair approximates SADS across period range of 0.1-7.0 seconds 
 
PEER-NGA 
Record Seq. 
#/Year Event Station Component M 
Dist. 
(km) 
Scale 
Factor 
165/1979 
Imperial Valley-
06 
Chihuahua 012, 282 6.53 7.29 2.17 
169/1979 
Imperial Valley-
06 
Delta 262, 352 6.53 22.03 1.63 
728/1987 
Superstition 
Hills-02 
Westmorland Fire 
Station 
090, 180 6.54 13.03 2.01 
778/1989 Loma Prieta 
Hollister Diff. 
Array 
165, 255 6.93 24.52 1.61 
949/1994 Northridge-01 
Arleta - Nordhoff 
Fire Station 
090, 360 6.69 3.30 1.92 
1100/1995 Kobe, Japan Abeno 000, 090 6.90 24.85 2.89 
1101/1995 Kobe, Japan Amagasaki 000, 090 6.90 11.34 1.20 
1110/1995 Kobe, Japan Morigawachi 000, 090 6.90 24.78 2.23 
1187/1999 Chi-Chi, Taiwan CHY015 N, W 7.62 38.14 2.31 
1203/1999 Chi-Chi, Taiwan CHY036 E, N 7.62 16.06 1.41 
1204/1999 Chi-Chi, Taiwan CHY039 E, N 7.62 31.88 2.62 
1209/1999 Chi-Chi, Taiwan CHY047 N, W 7.62 24.14 2.37 
1236/1999 Chi-Chi, Taiwan CHY088 E, N 7.62 37.48 2.56 
1269/1999 Chi-Chi, Taiwan HWA019 E, N 7.62 51.87 2.85 
1294/1999 Chi-Chi, Taiwan HWA048 N, W 7.62 47.36 2.84 
1317/1999 Chi-Chi, Taiwan ILA013 N, W 7.62 81.71 2.17 
1484/1999 Chi-Chi, Taiwan TCU042 E, N 7.62 26.32 1.75 
1491/1999 Chi-Chi, Taiwan TCU051 E, N 7.62 7.66 1.78 
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Table 6.13 – Sum of squared error (SSE) data for period range of 0.1-7.0 seconds (period 
increment of 0.01 seconds) for ground motion Set I  
 
Type Median SSE Maximum SSE 
Using SAGM for individual ground motion records 82.0 343.4 
Using geometric mean of SAGM for ground motion record pair 53.7 292.7 
 
Table 6.14 – Summary of SAGM data for ground motion sets C, E, F, G, and H which 
were used to evaluate the response of a SDOF system with T = 1.32 seconds 
 
Set TA* 
(seconds) 
TA 
Corresponds 
to: 
SADS(TA) 
(g) 
Median 
SAGM(TA) 
SADS  
(1.32 seconds) 
(g) 
Median SAGM  
(1.32 seconds) 
(g) 
POE in 50 years 
(Median SAGM 
(1.32 seconds))** 
Median SAGM 
(1.32 seconds) 
/Median SAGM 
for Set C 
C 1.32 
T1 of 
9-story 
SC-CBF 
0.455 0.455 0.455 0.455 10% 1.00 
E 2.39 
T1 of 
15-story 
SC-CBF 
0.251 0.251 0.455 0.361 15% 0.79 
F 3.30 
T1 of 
18-story 
SC-CBF 
0.182 0.182 0.455 0.331 20% 0.73 
G 0.32 
T2 of 
9-story 
SC-CBF 
1.00 1.00 0.455 0.282 25% 0.62 
H 1.32 
T1 of 
9-story 
SC-CBF 
0.455 0.476 0.455 0.476 5% 1.05 
*TA was used to establish hazard and select ground motions for sets C,E,F, and G 
**The POE in 50 years was calculated using the Hazard Curve Application tool from USGS 
(USGS 2013) and rounded to the nearest 5% 
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Figure 6.1 – Four ground motions with similar event magnitude and site distance, but 
different SAGM intensities  
 
 
Figure 6.2 – Schematic of PDF for SA at a period of 1.0 seconds on plot of the SAGM 
versus period for four ground motions, demonstrating the scatter in SA values for ground 
motions with similar event magnitude and site distance 
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Figure 6.3 – Plot of faults and expected contribution of seismic sources for Orange 
County site in Southern California (plot comes from USGS web based tool, 
https://geohazards.usgs.gov/deaggint/2008/) 
 
 
Figure 6.4 – Site hazard curve for 50 year period for Orange County site in Southern 
California for a structure with a period of 0.5 seconds (data for plot generated using 
OpenSHA (OpenSHA 2011)) 
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Figure 6.5 – 2% POE in 50 years uniform hazard spectrum for Orange County site in 
Southern California along with ASCE 7-05 MCE spectrum for Type B soil (data for UHS 
comes from http://www.usgs.gov/) 
 
Figure 6.6 – Example of seismic hazard disaggregation plot showing the various 
contributions of magnitude, distance, and ε to the total seismic hazard  
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Figure 6.7 – Plot of positive ε and negative ε ground motion records scaled to a target 
spectrum at a period of 0.5 seconds  
 
 
Figure 6.8 – Plot of SAGM versus period for ground motion Set A  
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Figure 6.9 – Plot of SAGM versus period for ground motion Set B  
 
 
Figure 6.10 – Plot of SAGM versus period for ground motion Set C  
339 
 
 
Figure 6.11 – Plot of SAGM versus period for ground motion Set D  
 
 
Figure 6.12 – Plot of SAGM versus period for ground motion Set E  
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Figure 6.13 – Plot of SAGM versus period for ground motion Set F  
 
 
Figure 6.14 – Plot of SAGM versus period for ground motion Set G  
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Figure 6.15 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set A, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
Figure 6.16 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set A, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.17 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set B, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
 
Figure 6.18 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set B, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.19 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set C, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
 
Figure 6.20 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set C, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.21 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set D, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
 
Figure 6.22 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set D, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.23 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set E, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
Figure 6.24 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set E, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.25 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set F, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
 
Figure 6.26 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set G, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.27 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
ground motion Set G, along with CMS and CMS +/- 2 standard deviations of the 
conditional SA (based on Baker 2011) 
 
Figure 6.28 – Plot of median SDGM, median SDGM +/- 2 standard deviations of SDGM for 
ground motion Set G, along with CMS and CMS +/- 2 standard deviations of the 
conditional SD (based on Baker 2011) 
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Figure 6.29 – Plot of median SAGM, median SAGM +/- 2 standard deviations of SAGM for 
the initial ground motion Set F, along with CMS and CMS +/- 2 standard deviations of 
the conditional SA  (based on Baker 2011) before 3 ground motions were removed from 
the set to better match CMS + 2 standard deviations of the conditional SA (see Figure 
6.25 for results after ground motions were removed from the set) 
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(a) 
 
(b) 
Figure 6.30 – (a) FEMA P695 far field ground motion records scaled individually to a 
match a target spectrum at a period of 0.5 seconds and (b) FEMA P695 far field ground 
motions scaled individually to the same target spectrum at a period of 3.0 seconds  
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Figure 6.31 – Plot of SAGM versus period for ground motion Set H 
 
 
Figure 6.32 – Plot of SDGM versus period for ground motion Set H  
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Figure 6.33 – Plot of SAGM versus period for each ground motion in Set I 
 
Figure 6.34 – Plot of SDGM versus period for each ground motion in Set I 
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Figure 6.35 – Plot of the geometric mean of SAGM for each ground motion pair versus 
period for ground motion Set I 
 
Figure 6.36 – Plot of the geometric mean of SDGM for each ground motion pair versus 
period for ground motion Set I 
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Figure 6.37 – Plot of peak roof drift demands (θr,Peak) for the 9-story archetype SC-CBF 
for different ground motion sets 
 
Figure 6.38 – Plot of peak normalized PT bar force demands (PTNorm) for the 9-story 
archetype SC-CBF for different ground motion sets 
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Figure 6.39 – Plot of median normalized column axial force utilization (UColumn,TH) for the 
9-story archetype SC-CBF for different ground motion sets 
 
Figure 6.40 – Plot of the 5% POE normalized column axial force utilization (UColumn,TH) 
for the 9-story archetype SC-CBF for different ground motion sets 
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Figure 6.41 – Plot of the 5% POE column axial force utilization (UColumn,TH) with adjusted 
vertical axis scaling for the 9-story archetype SC-CBF for different ground motion sets 
 
Figure 6.42 – Plot of median normalized brace axial force utilization (UBrace,TH) for the 9-
story archetype SC-CBF for different ground motion sets 
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Figure 6.43 – Plot of the 5% POE normalized brace axial force utilization (UBrace,TH) for 
the 9-story archetype SC-CBF for different ground motion sets 
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Figure 6.44 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 2, and βE = 0% 
 
 
Figure 6.45 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 2, and βE = 37.5% 
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Figure 6.46 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 2, and βE = 75% 
 
 
Figure 6.47 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 2, and βE = 100% 
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Figure 6.48 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 4, and βE = 0% 
 
 
Figure 6.49 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 4, and βE = 37.5% 
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Figure 6.50 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 4, and βE = 75% 
 
 
Figure 6.51 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 4, and βE = 100% 
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Figure 6.52 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 6, and βE = 0% 
 
 
Figure 6.53 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 6, and βE = 37.5% 
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Figure 6.54 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 6, and βE = 75% 
 
 
Figure 6.55 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 6, and βE = 100% 
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Figure 6.56 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 8, and βE = 0% 
 
 
Figure 6.57 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 8, and βE = 37.5% 
364 
 
 
Figure 6.58 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 8, and βE = 75% 
 
 
Figure 6.59 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 8, and βE = 100% 
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Figure 6.60 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 10, and βE = 0% 
 
 
Figure 6.61 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 10, and βE = 37.5% 
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Figure 6.62 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 10, and βE = 75% 
 
 
Figure 6.63 – Plot of median ductility demand for different ground motion sets for SDOF 
with T = 1.32 sec, R = 10, and βE = 100% 
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CHAPTER 7 
SEISMIC PERFORMANCE OF ARCHETYPE SC-CBF STRUCTURES 
 
Multiple archetype SC-CBFs were designed with various heights and energy dissipation 
characteristics.  Design characteristics of these archetypes are reported in Chapter 4.  The 
archetypes were designed using the procedure from Roke et al. (2010) with small 
modifications described in Section 3.3.4.  To evaluate the effectiveness of the Roke et al. 
(2010) design procedure in estimating peak member force demands and peak drifts under 
design level earthquakes, and to study the seismic performance of SC-CBFs with 
different heights, the SC-CBF archetypes from Chapter 4 were subjected to ground 
motions using time-history analysis.  A nonlinear numerical simulation model was used 
in the time-history analyses.  The details of the nonlinear numerical simulation model are 
reported in Chapter 5.  The ground motions applied to the archetype SC-CBFs are from 
the ground motion sets described in Chapter 6.  This chapter gives results from these 
time-history analyses and compares the results with the expected results from the design 
procedure described in Chapter 3. 
7.1 Performance of Archetype SC-CBFs Subjected to Design Basis Earthquake 
The archetype SC-CBFs from Chapter 4 (4, 6, 9, 12, 15, 18, 6E, 9E, 12E, 15E, 18E, 9EO, 
4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetypes) 
were modeled as described in Chapter 5 and subjected to design basis earthquake (DBE) 
368 
 
ground motions from the ground motion sets described in Chapter 6.  The final nonlinear 
numerical simulation model described in Chapter 5, Section 5.3.4, was used in analyses 
of the archetype SC-CBFs with lateral load bearings.  For the 9EO-story archetype SC-
CBF the friction coefficient for the elements modeling the lateral load bearings (μ) was 
zero.  The material for the SC-CBF members in the nonlinear numerical simulation 
model was linear elastic.  The material model for the PT bars included yielding (see 
Section 5.2.2). 
For the archetype SC-CBFs without lateral load bearings, the nonlinear numerical 
simulation model was the same as that described in Section 5.3.4, except that the lateral 
load bearings were removed.  When added energy dissipation devices were included in 
the archetype SC-CBF they were modeled in the nonlinear numerical simulation model as 
described in Section 5.1.2.11.   
Ground motion Set I was used with all archetype SC-CBFs.  Ground motion sets A, B, C, 
D, E, and F were used with the 4, 6, 9, 12, 15, and 18 story archetype SC-CBFs, 
respectively.  The drift demands on the SC-CBF, the PT bar force demands, the modal 
overturning moments, the modal effective pseudo-accelerations, the member force 
demands, and the floor acceleration spectra were studied for each archetype SC-CBF and 
each ground motion set.  Additionally, the effect of the energy dissipation type (i.e., 
lateral load bearings with friction or added energy dissipation devices), as well as the 
effect of the primary gravity beam connection (in the 9EO-GL archetype SC-CBF) were 
studied. 
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7.1.1 Drift Demands on SC-CBFs Subjected to Design Basis Earthquake 
The design procedure used to design the archetype SC-CBFs used  an estimate of the 
median peak roof drift under the DBE as the roof drift design demand (θDBE,dd).  Section 
3.3.2 describes how θDBE,dd is determined.  If θDBE,dd is an accurate estimate of the actual 
median peak roof drift (θDBE,m), then the probability of the peak roof drift demand under 
the DBE (θr,Peak) exceeding θDBE,dd is 50%.  Roke et al. (2010) introduced a factor (γθ) that 
is applied to θDBE,dd to give the factored roof drift design demand (θDBE,fdd).  γθ is used to 
adjust the probability that θr,Peak will exceed θDBE,dd.  In this research, γθ = 1.0 and θDBE,fdd  
= θDBE,dd.  Therefore, θDBE,fdd is an estimate of θDBE,m.  A damping correction factor (Cξ) 
was introduced in Section 3.3.5 to account for the difference in the damping ratio 
specified for the design spectrum (5%) and the inherent damping.  In this section, roof 
drift data from time-history analyses are compared with Cξ•θDBE,fdd to assess the accuracy 
of the calculations of the design procedure.  Story drift data and residual drift data are 
also studied in this section. 
The peak roof drift (θr,Peak) for the 4, 6, 9, 12, 15, and 18 story archetype SC-CBFs 
subjected to ground motion sets A, B, C, D, E, and F, respectively, is shown in Figure 
7.1.  θr,Peak is calculated as the peak roof displacement (at the top node of the lean-on 
column) divided by the height of the SC-CBF.  The data in Figure 7.1 shows θr,Peak for 
each archetype SC-CBF and each ground motion in the corresponding ground motion set.  
Significant dispersion or scatter is shown for each archetype SC-CBF.  The median value 
of θr,Peak is shown with a solid bar.  The median θr,Peak is calculated by taking the 
exponential of the average of the natural log of θr,Peak for a given SC-CBF and the 
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corresponding ground motion set (i.e., it is the median peak response for the ground 
motion set).  The peak roof drift estimated by the calculations of the design procedure 
(Cξ•θDBE,fdd) is shown by a solid diamond.  Since γθ = 1.0 for all of the archetype SC-
CBFs studied in this research, Cξ•θDBE,fdd should be an accurate estimate of the median 
θr,Peak.  For the archetype SC-CBFs in Figure 7.1 the median θr,Peak is less than Cξ•θDBE,fdd.  
In most cases the median θr,Peak is 30% or more less than Cξ•θDBE,fdd. 
The reason that median θr,Peak in Figure 7.1 is so different from Cξ•θDBE,fdd can be 
understood by considering the spectral displacement for each ground motion set used in 
analyses.  The spectral displacements for ground motion (SDGM) sets A, B, C, D, E, F, 
and I are shown in Figures 6.16, 6.18, 6.20, 6.22, 6.24, 6.26, and 6.34, respectively.  
When the SC-CBF rocks on its foundation, the first mode period elongates.  For ground 
motion sets A through F, the median SDGM drops below the design spectral displacement 
(SDDS) at periods longer than the period where the hazard was established (TA), which 
corresponds to T1 of each archetype SC-CBF.  For ground motion Set I, however, the 
median SDGM follows SDDS fairly closely over a broad period range.  The ductility 
demands used for calculating θDBE,fdd in the design procedure (μDBE ) are estimated from 
empirical formulas developed by Seo (2005) for self-centering structural systems.  The 
spectral shapes for the ground motion sets used by Seo (2005) to develop the empirical 
formulas are more like ground motion Set I than ground motion sets A through F.  The 
spectral shape of ground motion sets A through F explains why the median θr,Peak is so far 
below Cξ•θDBE,fdd in Figure 7.1.   
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As described in Section 6.2.3, ground motion sets A through F were selected to match the 
target seismic hazard at TA = T1 and give the correct spectral shape for the hazard defined 
at that period.  However, it was also shown in Section 6.3 that ground motion sets 
selected to match the target seismic hazard at TA > T1 may produce a larger response than 
ground motions selected to match the target seismic hazard at TA = T1.  For this reason, a 
ground motion set which matches the target seismic hazard (approximated by the design 
spectrum) over a broad period range (e.g., Set I) may be more appropriate. 
θr,Peak for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion 
Set I is shown in Figure 7.2.  The calculation of the data and the symbols used to present 
the data in Figure 7.2 are the same as in Figure 7.1.  The median θr,Peak is relatively close 
to Cξ•θDBE,fdd for about half of the archetype SC-CBFs, with a difference of less than 10% 
of Cξ•θDBE,fdd.  However, for the 4-story archetype SC-CBF, the median θr,Peak is under-
estimated by Cξ•θDBE,fdd by about 27%.  The reason for this under-estimation of the 
median θr,Peak is discussed further in Chapter 9. 
Since, as discussed in Section 6.3,  ground motions sets selected to match the target 
seismic hazard at TA = T1 of an archetype SC-CBF may not produce the largest response, 
only ground motion Set I was to evaluate the #E-story, #EO-story, and #EO-GL-story 
archetype SC-CBFs. 
θr,Peak for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.3.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
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15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data.  The reason for excluding this data 
is explained in Section 7.1.9.  The median θr,Peak for the 6E-story archetype SC-CBF is 
under-estimated by Cξ•θDBE,fdd by 11%.  The median θr,Peak for the 9E-story archetype SC-
CBF is under-estimated by Cξ•θDBE,fdd by 8.5%.  The median θr,Peak for the 15E and 18E-
story archetype SC-CBFs is over-estimated by Cξ•θDBE,fdd by a substantial amount (18% 
and 23%, respectively). 
θr,Peak for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I is shown in Figure 7.4.  The median 
θr,Peak for the 4EO-GL-story archetype SC-CBF is under-estimated by Cξ•θDBE,fdd by 40% 
while the median θr,Peak for the 6EO-GL and 9EO-GL-story archetype SC-CBFs is under-
estimated by Cξ•θDBE,fdd by 12 to 14%.  The median θr,Peak for the 18EO-GL-story 
archetype SC-CBF is over-estimated by Cξ•θDBE,fdd by 17%.  Further assessment and 
improvement of the calculations for estimating the median θr,Peak for the design procedure 
are given in Chapter 9. 
The Roke et al. (2010) design procedure for SC-CBFs does not estimate or address peak 
story drifts.  However, many building code provisions use story drift to evaluate 
structures in design.  Here peak story drift data for the archetype SC-CBFs from the time-
history analyses are presented.  The peak local story drift is calculated by taking the peak 
relative story displacement (at the lean-on column nodes) and dividing by the story 
height.  The peak story drift (θs,Peak) is the maximum value of the peak local story drift 
over all stories.  The ratio of the story drift to roof drift is also studied and predictive 
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equations are given so that estimates of the peak story drift design demand under the 
DBE can be made from the roof drift design demand.  
θs,Peak for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion 
sets A, B, C, D, E, and F, respectively is shown in Figure 7.5.  The data in Figure 7.5 
shows θs,Peak for each archetype SC-CBF and each ground motion in the corresponding 
ground motion set.  Significant dispersion or scatter is shown for each archetype SC-
CBF.  The median value of θs,Peak is shown with a solid bar.  The median θs,Peak is 
calculated by taking the exponential of the average of the natural log of θs,Peak for a given 
SC-CBF and the corresponding ground motion set.  The median θr,Peak is shown by an 
open triangle.  Cξ•θDBE,fdd for each archetype SC-CBF is shown by a solid diamond.  The 
median θs,Peak is 13% to 25% greater than the median θr,Peak for all archetype SC-CBFs in 
Figure 7.5.   
θs,Peak for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion 
Set I is shown in Figure 7.6.  The median θs,Peak is 9% to 21% greater than the median 
θr,Peak for the 4, 6, 9, 12, and 15-story archetype SC-CBFs.  The median θs,Peak for the 18-
story archetype SC-CBF is 34% greater than the median θr,Peak.  
θs,Peak for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.7.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  The 
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median θs,Peak is 8% to 30% greater than the median θr,Peak and the difference increases 
with an increasing number of stories. 
θs,Peak for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I is shown in Figure 7.8.  The median 
θs,Peak is about 6% to 23% greater than the median θr,Peak and the difference increases with 
an increasing number of stories. 
For all archetype SC-CBFs the median θs,Peak is greater than the median θr,Peak.  Figure 7.9 
shows the ratio of the median θs,Peak to the median θr,Peak as the aspect ratio and the height 
of the SC-CBF are varied.  All archetype SC-CBFs subjected to ground motion Set I are 
included in Figure 7.9.  Figure 7.9 shows that the ratio of the median θs,Peak to the median 
θr,Peak increases with increasing aspect ratio or increasing SC-CBF height.  The linear and 
2
nd
 order polynomial trend lines and associated goodness-of-fit (R
2
) value, show that the 
correlation between the ratio of the median θs,Peak to the median θr,Peak and the aspect ratio 
is stronger than the correlation between the ratio of the median θs,Peak to the median θr,Peak 
and the SC-CBF height. 
The SC-CBF performance objectives described in Section 3.3.1 require that the SC-CBF 
will self-center under the DBE.  Self-centering behavior is one of the most important 
aspects of the SC-CBF system.  To verify that the SC-CBF self-centers, the residual roof 
drift was studied for each archetype SC-CBF.  The residual roof drift (θr,Res) is the 
absolute value of the roof displacement at the end of the analysis divided by the height of 
the SC-CBF.  A θr,Res value less than 0.001 radians is considered to be negligible.  The 
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out-of-plumb erection tolerance allowed by the 13
th
 Edition of the AISC Steel 
Construction Manual (AISC 2005c) for columns braced at each story is L/1000, which 
corresponds to a story drift of 0.001 radians. 
θr,Res for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion 
sets A, B, C, D, E, and F, respectively, is shown in Figure 7.10.  The data in Figure 7.10 
shows θr,Res for each archetype SC-CBF and each ground motion in the corresponding 
ground motion set.  The dispersion or scatter is shown for each archetype SC-CBF.  The 
median value of θr,Res is shown with a solid bar.  The median θr,Res is calculated by taking 
the exponential of the average of the natural log of θr,Res for a given SC-CBF and the 
corresponding ground motion set.  The median θr,Res shown in Figure 7.10 is very small 
for the archetype SC-CBFs, far below the 0.001 radian value considered to be negligible. 
θr,Res for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion 
Set I is shown in Figure 7.11.  Again, the median θr,Res shown in Figure 7.11is very small 
for the archetype SC-CBFs. 
θr,Res for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.12.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  The 
median θr,Res is very small for the archetype SC-CBFs in Figure 7.12.   
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θr,Res for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I is shown in Figure 7.13.  The 
median θr,Res is very small for the archetype SC-CBFs in Figure 7.13.  For the 15EO-GL-
story archetype, SC-CBF the two ground motions from the 1999 Chi-Chi earthquake 
(TCU051E, TCU051N) produced a significant θr,Res (0.008 and 0.031 radians, 
respectively).  θr,Res for these ground motions are not shown on the plot of θr,Res but are 
included in the calculation of the median.  Both of these ground motions caused yielding 
of the PT steel.  Since the prestress force was significantly reduced or eliminated by 
yielding of the PT steel, the overturning moment from second order effects and the 
residual overturning moment from the supplemental energy dissipation devices resulted 
in significant residual drift.  This type of residual drift can be removed by restressing the 
PT bars back to their initial prestress force level or repairing the supplemental energy 
dissipation devices. 
7.1.2 Post-Tensioning Bar Force Demands on SC-CBFs Subjected to Design Basis 
Earthquake 
Post-tensioning (PT) bars run vertically over the height of each archetype SC-CBF.  The 
PT bars were prestressed at the beginning of the analysis.  By static equilibrium, the 
prestress force in the PT bars pre-compresses the SC-CBF columns to the foundation.  
The design calculations in the Roke et al. (2010) design procedure are based on a 50% 
probability of yielding of the PT bars when the SC-CBF is subjected to the DBE.  If the 
factored roof drift design demand corrected for modal damping (Cξ•θDBE,fdd) (which is 
intended to be an estimate of the median roof drift demand under the DBE) is made equal 
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to the roof drift at nominal PT bar yield (θY,n) during the design process, then it is 
expected that the median peak PT bar force from the time-history data for the archetype 
SC-CBF would be equal to the yield PT bar force. 
The peak normalized PT bar force (PTNorm) for the 4, 6, 9, 12, 15, and 18-story archetype 
SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, respectively, is shown in 
Figure 7.14.  PTNorm is the peak value of the tensile force in the PT bars from each time-
history analysis divided by the nominal yield force of the PT bars (PTY).  The median 
value of PTNorm for each SC-CBF is shown with a solid bar.  The median PTNorm is 
calculated by taking the exponential of the average of the natural log of PTNorm for a 
given SC-CBF and corresponding ground motion set.  The initial PT prestress force ratio 
(rPT) for each archetype SC-CBF is shown by a solid diamond.  The median PTNorm for 
the archetype SC-CBFs in Figure 7.14 is significantly less than 1.0.  A PTNorm value of 
1.0 means that the PT bar force reaches the nominal yield force (PTY).  If the median 
PTNorm was 1.0 then there would be a 50% probability of yielding the PT bars.  As the 
height of the archetype SC-CBFs increases, the difference between the median PTNorm 
and rPT decreases.  This trend suggests that, as the height of the SC-CBF increases, rigid 
body rocking of the SC-CBF in the first mode is less dominant and other deformation 
modes significantly influence the dynamic behavior of the SC-CBF.   
PTNorm for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.15.  The median PTNorm for ground motion Set I is 
between 0.8 and 1.0 for the archetype SC-CBFs (Figure 7.15) and is greater than PTNorm 
when the 4, 6, 9, 12, 15 and 18-story SC-CBFs were subjected to ground motion Sets A, 
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B, C, D, E, and F, respectively.  This trend can be explained using the reasoning that was 
used to explain the difference in θr,Peak between the ground motion sets.  The peak PT bar 
force is strongly correlated to θr,Peak. 
PTNorm for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.16.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  For 
all but the 15E-story archetype SC-CBF, the median PTNorm is between 0.8 and 1.0, and 
the median PTNorm is below 1.0 for all cases.  Therefore, the probability of PT bar 
yielding is significantly less than 50%.  This result is expected since these archetype SC-
CBF designs were not controlled by PT bar yielding as is evident from Table 4.81. 
PTNorm for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I is shown in Figure 7.17.  The 
median PTNorm is high (~0.95) for the 4EO-GL-story archetype SC-CBF but decreases as 
the height of the other SC-CBFs increases.  This result is expected since the designs of 
the taller EO-GL SC-CBFs were not controlled by PT bar yielding as is evident from 
Table 4.81.  A minimum amount of PT steel was used in these SC-CBFs designs.  
Therefore, the median PTNorm for the taller SC-CBFs from this set of archetype SC-CBFs 
is not expected to be close to 1.0. 
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7.1.3 Overturning Moment Demands on SC-CBFs Subjected to Design Basis 
Earthquake 
One of the key design assumptions of the Roke et al. (2010) first generationdesign 
procedure is that rocking of the SC-CBF is primarily a first mode response.  The member 
forces that can develop in the first mode are assumed to be limited by rocking of the SC-
CBF and yielding of the PT steel.  If the overturning moment due to higher modes is 
significant, this indicates that the SC-CBF member forces may not be as well controlled 
by rocking of the SC-CBF and yielding of the PT bars as intended.  In this section, base 
overturning moment demands on SC-CBFs are studied.  Specifically, the modal base 
overturning moment ratio (OMMR,n) for the first and second modes, the normalized peak 
base modal overturning moment (OMMY,n), and the normalized peak base overturning 
moment (OMNorm) are studied, as follows.  OMMR,n is compared with design modal 
overturning moment ratios from Section 4.6.   
The modal base overturning moment is calculated from time-history analysis data by 
multiplying the effective modal mass (Mn
*
) with the effective modal height (hn
*
) and the 
effective pseudo-acceleration ( n).  The calculation of  n is discussed in Section 7.1.4.  
Mn
*
is calculated as (Chopra 2007): 
 2* nnn MM   (7.1) 
where, 
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{ n } = mode shape vector for mode n 
[m] = mass matrix for structure 
{i} = influence vector for structure (vector of 1s for SC-CBFs in this research) 
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*
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where, 
      gmgsF nnnn   (7.5) 
g = acceleration due to gravity 
Modal base overturning moments calculated from time-history data provide insight to the 
dynamic response of the structure, even when it is behaving nonlinearly.  The calculation 
of modal base overturning moments from the nonlinear time-history response is made 
possible through the calculation of the effective pseudo-acceleration ( n), which is 
discussed in the next section (Section 7.1.4).  
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When calculating the modal base overturning moment (and other modal quantities) 
related to the time-history analyses, the mode shapes calculated from the nonlinear 
numerical simulation model properties before SC-CBF column decompression and SC-
CBF rocking were used.  To determine the mode shapes from the nonlinear numerical 
simulation model, the flexibility matrix was first determined.  The flexibility coefficients 
of the matrix were determined by pushing with a lateral force on one floor of the structure 
at the lean-on column, recording all of the floor displacements and normalizing the 
displacements by the lateral force.  These flexibility coefficients were calculated from an 
increment of lateral force and displacement chosen from the force-displacement history 
before the “tension” column decompresses and the SC-CBF begins to rock on its 
foundation.  The flexibility coefficients calculated for each floor when the lateral force 
was imposed at one floor compose one column of the flexibility matrix.  This process was 
repeated for each floor, changing the location of the lateral force to populate all columns 
of the flexibility matrix.  The size of this square flexibility matrix is equal to the number 
of lateral dynamic degrees of freedom (number of floors for the archetype SC-CBFs).  
The flexibility matrix was inverted to determine the stiffness matrix.  The stiffness matrix 
was used along with the mass matrix from Section 5.1.2.6 to calculate the mode shapes 
and periods from the nonlinear numerical simulation model.  The modal properties from 
the nonlinear numerical simulation model for the archetype SC-CBFs from Chapter 4 are 
given in Tables 7.1 through 7.18.   
The modal base overturning moment ratio (OMMR,n) for first two modes of the 4, 6, 9, 12, 
15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and 
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F, respectively, is shown in Figure 7.18.  OMMR,n is the peak modal base overturning 
moment divided by the sum of the peak modal base overturning moment for all modes.  
The median OMMR,n in Figure 7.18 is shown with a solid bar.  The median OMMR,n is 
calculated by taking the exponential of the average of the natural log of the data.  The 
design OMMR,n from Section 4.6 for the first two modes is also shown.  The median 
OMMR,1 in Figure 7.18 is large (0.91) for the first mode of the 4-story archetype SC-CBF 
and decreases to a low of 0.64 for the 12-story archetype SC-CBF.  The median OMMR,1 
then increases slightly for the 15-story and 18-story archetype SC-CBFs.  The median 
OMMR,2 is small (0.076) for the 4-story archetype SC-CBF and increases to a maximum 
value of 0.30 for the 12-story archetype SC-CBF, and then decreases slightly for the 15-
story and 18-story archetype SC-CBFs.  The median OMMR,1 is generally greater than the 
design value, while the median OMMR,2 is generally less than the design value (but still 
quite large), especially for the taller SC-CBFs.   
OMMR,n for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground 
motion Set I is shown in Figure 7.19.  The median OMMR,1 is large (0.91) for the first 
mode for the 4-story archetype SC-CBF and decreases with an increasing number of 
stories to a local minimum for the 12-story archetype SC-CBF.  OMMR,1 then increases 
slightly for the 15-story archetype SC-CBF and then drops to a minimum value of 0.51 
for the 18-story archetype SC-CBF.  The median OMMR,2 has an the inverse trend, 
starting at a small value (0.076) for the 4-story archetype SC-CBF, increasing to a 
maximum value of about 0.37 for the 12-story archetype SC-CBF, and then decreasing 
slightly for the 15-story archetype SC-CBF and then increasing slightly to a maximum 
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value for the 18-story archetype SC-CBF.  The median OMMR,1 is generally greater than 
the design value, while the median OMMR,2 is generally less than the design value, 
especially for the taller SC-CBFs.   
OMMR,n for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground 
motion Set I are shown in Figure 7.20.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  The 
median OMMR,1 is 0.75 for the 6E-story archetype SC-CBF and decreases with an 
increasing number of stories to 0.47 for the 18E-story archetype SC-CBF.  The median 
OMMR,2 has an inverse trend, starting at 0.21 for the 6E-story archetype SC-CBF, and 
increasing with the number of stories to a maximum value of about 0.42 for the 18E-story 
archetype SC-CBF.  The median OMMR,1 is generally greater than the design value, while 
the median OMMR,2 is generally less than the design value, especially for the taller SC-
CBFs.   
OMMR,n for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I is shown in Figure 7.21.  The 
median OMMR,1 is large (0.89) for the 4EO-GL-story archetype SC-CBF and decreases 
with an increasing number of stories to 0.47 for the 18E-story archetype SC-CBF.  The 
median OMMR,2 has an inverse trend, starting at 0.11 for the 4EO-GL-story archetype SC-
CBF, and increasing with the number of stories to a maximum value of 0.41 for the 
18EO-GL-story archetype SC-CBF.  The median OMMR,1 is generally greater than the 
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design value, while the median OMMR,2 is generally less than the design value, especially 
for the taller SC-CBFs.   
The normalized peak base modal overturning moment (OMMY,n) is the peak modal base 
overturning moment divided by the base overturning moment at yield of the PT bars 
(OMY).  The Roke et al. (2010) first generation design procedure assumed that base 
overturning moment was primarily a first mode response and that the peak response of 
the first mode was limited by yielding of the PT bars.  If OMMY,1 is not limited to OMY 
then the member forces may not be accurately estimated by the calculations of the design 
procedure.  It should be noted that there is a discrepancy, which was ignored, in the 
normalization of the peak modal base overturning moment to determine OMMY,n related to 
secord order effects.  The peak modal base overturning moment is calculated using the 
restoring forces and, therefore, does not include the overturning moment demand from 
second order effects.  However, OMY is the base overturning moment capacity at yield of 
the PT steel without subtracting the second order moment. 
OMMY,n for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground 
motion sets A, B, C, D, E, and F, respectively, is shown in Figure 7.22.  OMMY,n for the 
first two modes for each archetype SC-CBF is shown in Figure 7.22.  The median OMMY,n 
is shown with a solid bar.  The median OMMY,n is calculated by taking the exponential of 
the average of the natural log of the data.  The median OMMY,1 is the smallest for the 6-
story archetype SC-CBF at 0.80.  The 12-story archetype SC-CBF has the maximum 
OMMY,1 of 1.34.  OMMY,2 follows a similar pattern with a minimum value for the 4-story 
archetype SC-CBF of 0.073 and a maximum value for the 12-story archetype SC-CBF of 
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0.63.  It is evident from Figure 7.22 that the first mode overturning moment is greater 
than the OMY for most of the archetype SC-CBFs and is significantly greater for the 12-
story and 15-story archetype SC-CBFs.   
Figure 7.23 shows the normalized peak base overturning moment (OMNorm) for the 4, 6, 
9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, 
E, and F, respectively.  OMNorm is the peak base overturning moment divided by OMY.  It 
should be noted that there is a discrepancy, which was ignored, in the normalization of 
the peak base overturning moment to determine OMNorm related to secord order effects.  
The peak base overturning moment is calculated from the restoring forces and, therefore, 
does not include the overturning moment demand from second order effects.  However, 
OMY is the base overturning moment capacity at yield of the PT steel without subtracting 
the second order moment.  Therefore, a value of OMNorm less than 1.0 may still yield the 
PT steel.  The median OMNorm is shown with a solid bar.  The median OMNorm shown is 
calculated by taking the exponential of the average of the natural log of the data.  The 
median OMNorm is between 0.8 and 1.0 for the archetype SC-CBFs in Figure 7.23.  This 
data, in comparison with PTNorm in Figure 7.14, indicates that even though the first mode 
base overturning moment is significantly greater than OMY (see Figure 7.22), the base 
overturning moment in the higher modes is counteracting the first mode base overturning 
moment so that the median base overturning moment is still less than OMY.  Since the 
first mode base overturning moment is not limited as intended by the Roke et al. (2010) 
first generation design procedure, the member force demands will not be accurately 
estimated by the calculations of this design procedure.   
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OMMY,n for the first two modes of the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion Set I is shown in Figure 7.24.  The median OMMY,1 is the 
smallest for the 6-story archetype SC-CBF at 0.93.  The 12-story archetype SC-CBF has 
the maximum OMMY,1 of 1.59.  OMMY,2 follows a similar pattern, with a minimum value 
for the 4-story archetype SC-CBF of 0.082 and a maximum value for the 12-story 
archetype SC-CBF of 1.05.  The median OMMY,n for the first two modes for the 4, 6, 9, 
12, 15, and 18-story archetypes subjected to ground motion Set I are all greater than the 
median OMMY,n for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to 
ground motion sets A, B, C, D, E, and F, respectively.  This result can be attributed to the 
fact that the median ground motion spectral acceleration (SAGM) for Set I is larger over a 
broader period range than for ground motion sets A through F.  
Figure 7.25 shows OMNorm for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion Set I.  The median OMNorm is about 1.0 for most of the 
archetype SC-CBFs.  The 12-story archetype SC-CBF has a greater value of OMNorm of 
1.10 and the archetype 18-story SC-CBF has a lesser value OMNorm of 0.92.   
The OMMY,n for the first two modes of the 6E, 9E, 12E, 15E, and 18E-story archetype SC-
CBFs subjected to ground motion Set I is shown in Figure 7.26.  The response of the 
12E-story SC-CBF to ground motion TCU051E from the 1999 Chi-Chi, Taiwan 
earthquake and the response of the 15E-story SC-CBF to ground motions TCU051E and 
TCU051N from the 1999 Chi-Chi, Taiwan earthquake have been excluded from the data 
as explained in Section 7.1.9.  The median OMMY,1 is the smallest for the 6E-story 
archetype SC-CBF at 1.08.  OMMY,1 increases with an increasing number of stories until 
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the 12E-story archetype SC-CBF, which has the maximum OMMY,1 of 1.84.  OMMY,1 then 
decreases for the 15E-story and 18E-story SC-CBF.  OMMY,2 follows the same pattern as 
OMMY,1, with a minimum value for the 6E-story archetype SC-CBF of 0.30 and a 
maximum value for the 12E-story archetype SC-CBF of 1.34.   
The archetype SC-CBFs with added energy dissipation (6E, 9E, 12E, 15E, and 18E-story 
in Figure 7.26) have greater median values for OMMY,n for the first two modes than do the 
archetype SC-CBFs without added energy dissipation (6, 9, 12,15, and 18-story in Figure 
7.24).  The difference in the median OMMY,n is mostly due to the smaller OMY used for 
the SC-CBFs with added energy dissipation (#E-story SC-CBFs) (see Table 4.79).  The 
median values of the peak base modal overturning moment (before normalization) are 
smaller, in most cases, for the first two modes of the archetype SC-CBFs with added 
energy dissipation. 
Figure 7.27 shows OMNorm for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs 
subjected to ground motion Set I.  The response of the 12E-story SC-CBF to ground 
motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 
15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, 
Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  The 
median OMNorm is greater than or equal to 1.0 for all the archetype SC-CBFs with the 
values for the 6E, 9E, and 12E-story archetype SC-CBFs being somewhat greater than 
1.0 (1.13, 1.24 and 1.18, respectively).  The 15E and 18E-story archetype SC-CBFs both 
have a median OMNorm of 1.0.  
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OMMY,n for the first two modes of the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, 
and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I is shown in 
Figure 7.28.  The median OMMY,1 is the smallest for the 4EO-GL-story archetype SC-
CBF at 0.96.  OMMY,1 increases with an increasing number of stories until the 15EO-GL-
story archetype SC-CBF, which has a maximum OMMY,1 at a value of 1.71.  OMMY,1 then 
decreases for the 18EO-GL-story SC-CBF.  OMMY,2 has a minimum value of 0.12 for the 
4EO-GL-story archetype SC-CBF and increases with an increasing number of stories 
until the 18EO-GL-story archetype SC-CBF, which has a maximum value of 1.40.   
Figure 7.29 shows OMNorm for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, 
and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I.  The median 
OMNorm is below 1.0 for this set of archetype SC-CBFs, and the dispersion is significantly 
reduced when compared to the other archetype SC-CBFs that include lateral load 
bearings with friction.  The difference in base overturning moment behavior (and the 
cause of the difference) between the archetype SC-CBFs with and without lateral load 
bearings with friction is discussed in Section 7.1.7. 
7.1.4 Modal Effective Pseudo-Accelerations for SC-CBFs Subjected to Design Basis 
Earthquake 
When earthquake-resistant structures are designed using conventional response spectrum 
analysis (RSA), the static modal responses of the structure are determined and then 
multiplied with a spectral acceleration (SA) value to give the modal member force design 
demands for each mode.  The modal member force design demands are then combined 
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using a modal combination procedure such as the square-root of the sum of the squares 
(SRSS) of the modal responses or the complete-quadratic-combination (CQC) of the 
modal responses to give the member force design demands for the structure (Chopra 
2007).   
The Roke et al. (2010) first generation design procedure for SC-CBFs uses a modification 
of the conventional RSA.  Both the Roke et al. (2010) procedure and the RSA procedure 
use spectral accelerations (i.e., peak pseudo accelerations) to calculate the modal member 
force design demands, therefore, a study of the pseudo accelerations that develop in SC-
CBFs was conducted.   The study uses a parameter called modal effective pseudo-
acceleration ( n), which is determined from nonlinear time-history analysis results.  Roke 
et al. (2010) outlines how  n is calculated, which is repeated here. 
 n is derived from the time-history of the restoring forces of the structure.  The restoring 
force vector for dynamic response of a structure can be expressed as a sum of the modal 
restoring force vectors: 
     


N
n
nrr tftf
1
,  (7.6) 
The modal restoring forces for a linear structure (i.e., the equivalent static forces) 
(described by Chopra 2007) can be written in terms of the pseudo acceleration of the 
linear structure (An(t)) as: 
           tAmtAstf nnnnnnr ,  (7.7) 
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Similarly, the modal restoring forces for a nonlinear structure can be written as: 
           tmtstf nnnnnnr  ,  (7.8) 
where, 
 {fr,n(t)} = restoring force vector for mode n 
 n(t) = modal effective pseudo-acceleration for a nonlinear structure 
Note that Equation 7.8 uses only the mass orthogonality of the mode shapes.  Assuming 
the mass matrix remains constant, and with no other assumptions regarding the linearity 
of the response,  n(t) is determined as: 
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For linear dynamic response,  n(t) is equal to An(t). 
In this section, when modal values are calculated from time-history data, the mode shapes 
from the nonlinear numerical model are used in the calculations.  These mode shapes 
were determined as explained in Section 7.1.3. 
 n is a useful parameter because it can be compared with the spectral acceleration for 
mode n (SAn) used in design.  In fact, if each SAn used in design is a good approximation 
to the peak value of  n(t), and a reasonable modal combination rule is applied, the 
resulting member force design demand should be similar to the actual peak member force 
demand from the time-history analysis data used to determine  n(t). 
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The Roke et al. (2010) first generation design procedure factors the design SA for first 
mode (SADS,1 =  Y,1) by γ1 = 1.15, but each design SAn for each higher mode (SADS,n) is 
factored by γn = 2.0.  Roke et al. (2010) wanted the factored SADS,n values to have a small 
probability of exceedance (POE) under the DBE, so that the combined member force 
design demands would have a small POE (5% to 10%).  The small POE under the DBE 
for the member force design demands was required to meet the performance objectives 
(Roke et al. 2010), by providing a small POE of member yielding.  In this section  n is 
used to assess the SAn values and modal load factors (γn) used in design.  In addition, the 
variation of  n with the height and other design characteristics of SC-CBFs are studied. 
Figure 7.30 shows the peak  n for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion sets A, B, C, D, E, and F, respectively.  The peak  n is the 
maximum of the absolute value of  n(t) from each time-history.  The peak  n for either 
the first four modes or the modes with more than 1% of the modal mass, whichever is 
less, are shown in Figure 7.30.  The median peak  n is shown with a solid bar.  The 
median peak  n is calculated by taking the exponential of the average of the natural log of 
the data.  The peak  n with a 5% POE (assuming a log-normal distribution) is shown with 
an open bar.  The design SAn before the modal load factors were applied ( Y,1, SADS,n), is 
shown with a solid square.  The design SAn with the modal load factors (γn) applied 
(γ1∙ Y,1, γn∙SADS,n) is shown with an open square and a solid line.  The median SAn from 
the ground motion set (SAGM) is shown with a solid diamond and a dashed line.  SAGM 
with a 5% POE (assuming a log-normal distribution) from the ground motion set used is 
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shown with a solid diamond and a dotted line.  Figure 7.31 is the same as Figure 7.30, but 
with the individual peak  n from each ground motion removed for clarity.   
The median peak  1 of the archetype SC-CBFs in Figure 7.30 is significantly less than 
the median SAGM.  This result shows that the rocking behavior of the SC-CBF reduces the 
peak response in first mode.  The median peak  n for the higher modes (modes 2 through 
4) is greater than the median SAGM.  The 5% POE value for the peak  n is sometimes 
greater than, and sometimes less than, the 5% POE value for the SAGM.  For all results 
except the second mode for the 4-story archetype, the 5% POE peak  n is less than the 
γn∙SADS,n for the higher modes.  For the taller SC-CBFs (9, 12, 15, and 18-stories) the 5% 
POE peak  n for modes 2 through 4 is closer to SADS,n than to γn∙SADS,n.  The 5% POE 
peak  n for modes 2 through 4 is closer to γn∙SADS,n than to SADS,n for the 4 and 6-story 
archetype SC-CBFs.  Except for the 6-story archetype SC-CBF, the 5% POE peak  1 is 
greater than  Y,1 (unfactored) and ranges from 6% to 53% greater than  Y,1.   
Figure 7.32 shows the peak  n for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion Set I.  Figure 7.33 is the same as Figure 7.32, but with the 
individual plots of the peak  n from each ground motion removed for clarity.  The median 
peak  1 for the archetype SC-CBFs in Figure 7.32 is significantly less than the median 
SAGM.  The median peak  n for the higher modes is usually greater than the median SAGM.  
The 5% POE peak  n is almost always greater than the 5% POE SAGM.  In all but one 
case, the 5% POE peak  n is less than γn∙SADS,n.  In all cases, the 5% POE peak  n is 
greater than SADS,n.  For all of the archetype SC-CBFs, the 5% POE peak  1 for the 
archetype SC-CBFs is greater than  Y,1 and ranges from 2% to 97% greater than  Y,1. 
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Figure 7.34 shows the peak  n for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-
CBFs subjected to ground motion Set I.  The response of the 12E-story SC-CBF to 
ground motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of 
the 15E-story SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-
Chi, Taiwan earthquake have been excluded from the data as explained in Section 7.1.9.  
Figure 7.35 is the same as Figure 7.34, but with the individual plots of the peak  n from 
each ground motion removed for clarity.  The median peak  1 in Figure 7.34 is 
significantly less than the median SAGM.  The median peak  n for the higher modes is 
greater than the median SAGM for the 6E-story archetype SC-CBF.  The median peak  n 
for the higher modes for the 9E, 12E, 15E, and 18E-story SC-CBFs are close the median 
SAGM.  In all cases, for the higher modes, the 5% POE peak  n is less than γn∙SADS,n.  In all 
cases, the 5% POE peak  n is greater than SADS,n.  The 5% POE peak  1 for the archetype 
SC-CBFs is significantly greater than  Y,1 and ranges from 22% to 126% greater than  Y,1.  
If the peak  n of the archetype SC-CBFs with and without added energy dissipation and 
subjected to ground motion Set I are compared, the added energy dissipation appears to 
reduce the response in some of the higher modes for the taller SC-CBFs (12E, 15E, and 
18E-story SC-CBFs). 
Figure 7.36 shows the peak  n for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, 
and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I.  Figure 7.37 is 
the same as Figure 7.36, but with the individual plots of the peak  n from each ground 
motion removed for clarity.  The median peak  n for the first mode for the archetype SC-
CBFs in Figure 7.36 is significantly less than the median SAGM.  The median peak  n for 
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the higher modes follows the trend of the median SAGM.  For the higher modes, in all but 
one case (second mode for 4EO-GL-story SC-CBF), the 5% POE peak  n is less than 
γn∙SADS,n.  For all but the 4EO-GL and 6EO-GL-story SC-CBFs, the 5% POE peak  1 is 
significantly greater than  Y,1 and ranges from 53% to 118% greater than  Y,1. 
The average ratio of the 5% POE first mode peak  n to  Y,1 (unfactored) for the 4, 6, 9, 
12, 15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, 
and F, respectively, is 1.26.  The smallest value is 1.06 and the largest value is 1.53.  The 
average ratio of the 5% POE first mode peak  n to  Y,1 (unfactored) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion Set I is 1.45.  The smallest 
value is 1.02 and the largest value is 1.97.  The average ratio of the 5% POE first mode 
peak  n to  Y,1 for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to 
ground motion Set I is 1.51.  The smallest value is 1.22 and the largest value is 2.26.  The 
average ratio of the 5% POE first mode peak  n to  Y,1 (unfactored) for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I is 1.60.  The smallest value is 0.93 and the largest value 
is 2.18.  For all cases, the average value is significantly greater than the value for γ1 
recommended by Roke et al. (2010) and indicates that the value for γ1 in the design 
procedure needs to be reconsidered. 
The average ratio of the 5% POE higher mode peak  n to SADS,n for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, 
respectively, is 1.19.  The average ratio of the 5% POE higher mode peak  n to SADS,n for 
the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion Set I is 
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1.55.  The average ratio of the 5% POE higher mode peak  n to SADS,n for the 6E, 9E, 
12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I is 1.39.  
The average ratio of the 5% POE higher mode peak  n to SADS,n for the 4EO-GL, 6EO-
GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected 
to ground motion Set I is 1.36.  For all cases the average value is significantly less than 
the value of 2.0 recommended for γn by Roke et al. (2010) and indicates that the value for 
γn in the design procedure needs to be reconsidered. 
7.1.5 Member Force Demands for SC-CBFs Subjected to Design Basis Earthquake 
The Roke et al. (2010) first generationdesign procedure targets a 5% to 10% probability 
that the factored member force design demands would be exceeded under the DBE.  This 
section compares the member axial force demands for the archetype SC-CBFs under the 
DBE with the factored member force design demands (Fx,fdd). 
7.1.5.1 Column Axial Force Demands  
The normalized column axial utilization (UColumn,TH) is the peak column axial force 
(largest of the two SC-CBF columns) divided by Fx,fdd.  Figures 7.38 through 7.43 show 
the UColumn,TH for each story of the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion sets A, B, C, D, E, and F, respectively.  Figures 7.44 through 
7.49 show UColumn,TH for each story of the 4, 6, 9, 12, 15, and 18-story archetype SC-
CBFs subjected to ground motion Set I.  Figures 7.50 through 7.54 show UColumn,TH for 
each story for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to 
ground motion Set I.  The response of the 12E-story SC-CBF to ground motion 
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TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 15E-story 
SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, Taiwan 
earthquake have been excluded from the data as explained in Section 7.1.9.  Figures 7.55 
through 7.60 show UColumn,TH for each story for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-
GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set 
I.  A value for UColumn,TH greater than 1.00 indicates that the member axial force demand 
was under-estimated by Fx,fdd while a value for UColumn,TH less than 1.00 indicates that the 
member axial force demand was over-estimated by Fx,fdd.  For the #EO-GL-story 
archetype SC-CBFs, Fx,fdd were recalculated based on the gravity load present during the 
time-history analyses, not the design gravity load.  The median UColumn,TH is shown in the 
figures with a solid bar.  The median UColumn,TH is calculated by taking the exponential of 
the average of the natural log of the data from the time-history analyses.  The value of 
UColumn,TH with a 5% POE (assuming a log-normal distribution) is shown with an open 
bar.  The value of UColumn,TH with a 10% POE (assuming a log-normal distribution) is 
shown with a solid dot.  The intent of the Roke et al. (2010) design procedure is that 
UColumn,TH should have a 5% to 10% probability of being greater than 1.0. 
The column Fx,fdd used to calculate UColumn,TH for the 4-story SC-CBF for both ground 
motion Set A (Figure 7.38) and Set I (Figure 7.44) is large enough since the 10% POE 
value of UColumn,TH for all stories is less than 1.00.  The 2
nd
 story column has the largest 
median UColumn,TH for both ground motion sets.  The median UColumn,TH for the 3
rd
 story is 
the smallest for both ground motion sets.  The distribution of the 10% POE value for 
UColumn,TH is not uniform over the height of the SC-CBF and an improved procedure to 
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determine Fx,fdd would produce a more uniform distribution.  The statistical values 
(median, 5% and 10% POE) for the response to ground motion Set I are greater than the 
response to ground motion Set A for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 4EO-GL-story SC-CBF (Figure 
7.55) for ground motion Set I is not large enough for the 1
st
 and 2
nd
 stories because the 
10% POE value of UColumn,TH is greater than 1.00.  The median, 10% POE, and 5% POE 
UColumn,TH is the smallest for the 3
rd
 story columns.  The distribution of the 10% POE 
value for UColumn,TH over the height of the SC-CBF is reasonably uniform. 
The column Fx,fdd used to calculate UColumn,TH for the 6-story SC-CBF for ground motion 
Set B (Figure 7.39) is large enough, but for ground motion Set I (Figure 7.45) the column 
Fx,fdd for the 4
th
 story column is too small because the 10% POE UColumn,TH is greater than 
1.00.  The 4
th
 story column has the largest median UColumn,TH for both ground motion sets.  
The median UColumn,TH for the 5
th
 story is the smallest for both ground motion sets.  There 
is a significant decrease in the median UColumn,TH between the 4
th
 and 5
th
 story.  The 
distribution of the 10% POE value for UColumn,TH is not uniform over the height of the SC-
CBF and an improved procedure to determine Fx,fdd would produce a more uniform 
distribution.  The statistical values (median, 5% and 10% POE) for the response to 
ground motion Set I are greater than the response to ground motion Set B for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 6E-story SC-CBF (Figure 7.50) for 
ground motion Set I is too small for four out of six stories because the 10% POE value is 
greater than 1.00.  The 4
th
 story column has the largest median UColumn,TH and the 5
th
 story 
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has the smallest median UColumn,TH.  There is a significant decrease in the median 
UColumn,TH between the 4
th
 and 5
th
 story.  The distribution of the 10% POE value for 
UColumn,TH is not uniform over the height of the SC-CBF and an improved procedure to 
determine Fx,fdd would produce a more uniform distribution. 
The column Fx,fdd used to calculate UColumn,TH for the 6EO-GL-story SC-CBF (Figure 
7.56) for ground motion Set I is too small for four out of six stories because the 10% POE 
value for UColumn,TH is greater than 1.00.  The 1
st
 story column has the largest median 
UColumn,TH and the 6
th
 story has the smallest median UColumn,TH.  The distribution of the 
10% POE value for UColumn,TH is not uniform over the height of the SC-CBF and an 
improved procedure to determine Fx,fdd would produce a more uniform distribution.   
The median, 10% POE, and 5% POE values of UColumn,TH are all significantly larger for 
the first four stories of the 6E-story SC-CBF (Figure 7.50) compared to the 6-story SC-
CBF (Figure 7.45).  The 5
th
 and 6
th
 story 10% POE and 5% POE values of UColumn,TH are 
similar for the 6-story and 6E-story archetypes.  The 6EO-GL-story archetype SC-CBF 
(Figure 7.56) has a different trend for the 10% POE and 5% POE for the first two stories 
compared to the 6-story and 6E-story archetype SC-CBFs. 
The column Fx,fdd used to calculate UColumn,TH for the 9-story SC-CBF for ground motion 
Set C (Figure 7.40) is large enough for all but the 9
th
 story where the 10% POE value of 
UColumn,TH is 2.4.  For ground motion Set I (Figure 7.46), slightly more than half of the 
column Fx,fdd from the design calculations are too small.  The distribution of the 10% 
POE value for UColumn,TH is not uniform over the height of the SC-CBF.  The statistical 
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values (median, 5% and 10% POE) of UColumn,TH for the response to ground motion Set I 
are greater than for the response to ground motion Set C for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 9E-story SC-CBF subjected to 
ground motion Set I (Figure 7.51) is too small for five stories.  The distribution of the 
10% POE value for UColumn,TH is not uniform over the height of the SC-CBF.  
The column Fx,fdd used to calculate UColumn,TH for the 9EO-GL-story SC-CBF (Figure 
7.57) subjected to ground motion Set I is too small for stories 3 through 6 and 9.  The 
distribution of the 10% POE value for UColumn,TH over the height of the SC-CBF is 
reasonable except for the 3
rd
 and 4
th
 stories. 
The trend in the median, 10% POE, and 5% POE UColumn,TH values are similar for most 
stories of the 9, 9E, and 9EO-GL-story archetype SC-CBFs subjected to ground motion 
Set I.  The largest difference is in the 9
th
 story.  For the 9
th
 story the value for Fx,fdd used 
to calculate UColumn,TH is far too small for the 9-story (Figure 7.46) and 9E-story (Figure 
7.51) SC-CBFs.  The value for Fx,fdd is more reasonable for the 9EO-GL-story SC-CBF 
(Figure 7.57).  The reason Fx,fdd is too small for the 9
th
 story of the 9-story and 9E-story 
archetype SC-CBFs is explained in Section 7.1.8. 
The column Fx,fdd used to calculate UColumn,TH for the 12-story SC-CBF for ground motion 
Set D (Figure 7.41) is too small for stories 3 through 6.  For ground motion Set I (Figure 
7.47), the column Fx,fdd is too small for stories 3 through 10 with the maximum 10% POE 
value for UColumn,TH being 1.26 at the 3
rd
 story.  The distribution of the 10% POE value for 
UColumn,TH is not uniform over the height of the SC-CBF.  The first two stories have a 
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small value for the 10% POE, and there is a significant increase at the third story column, 
followed by a downward trend in the UColumn,TH up the height the the SC-CBF.  The 
statistical values (median, 5% and 10% POE) of UColumn,TH for the response to ground 
motion Set I are greater than for the response to ground motion Set D for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 12E-story (Figure 7.52) SC-CBF and 
the 12EO-GL-story (Figure 7.58) SC-CBF subjected to ground motion Set I is too small 
for stories 3 through 6.  The distribution of the 10% POE value for UColumn,TH is not 
uniform over the height of the SC-CBF.  There is a significant increase in the median, 
10% POE, and 5% POE value from the 2
nd
 story to the 3
rd
 story. 
There is a 10% to 20% difference in the median, 10% POE, and 5% POE UColumn,TH 
values between the 12-story (Figure 7.47) and 12E-story (Figure 7.52) SC-CBFs 
subjected to ground motion Set I.  The trend in the median, 10% POE, and 5% POE 
values of UColumn,TH for the 12EO-GL-story (Figure 7.58) SC-CBF subjected to ground 
motion Set I is similar to the trend for the 12-story and 12E-story archetype SC-CBFs 
subjected to ground motion Set I. 
The column Fx,fdd used to calculate UColumn,TH for the 15-story SC-CBF for ground motion 
Set E (Figure 7.42) is either too small or barely large enough for stories 5 through 8.  For 
ground motion Set I (Figure 7.48), the column Fx,fdd used to calculate UColumn,TH is too 
small for stories 3 through 12 and story 15.  The value of UColumn,TH for the 15
th
 story for 
both ground motion Set E and Set I is significantly greater than 1.00 (2.05 for ground 
motion Set E and 2.27 for ground motion Set I).  The distribution of the 10% POE value 
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for UColumn,TH is not uniform over the height of the SC-CBF.  The 10% POE value of 
UColumn,TH is small for the first two stories and large for the 15
th
 story.  The statistical 
values (median, 5% and 10% POE) of UColumn,TH for ground motion Set I are greater than 
UColumn,TH for ground motion Set E for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 15E-story SC-CBF (Figure 7.53) 
subjected to ground motion Set I is too small for stories 3 through 8 and 15.  The column 
Fx,fdd used to calculate UColumn,TH for the 15EO-GL-story SC-CBF (Figure 7.59) subjected 
to ground motion Set I is too small for stories 3 through 8.  The distribution of the 10% 
POE value for UColumn,TH is not uniform over the height of the SC-CBF for both the 15E-
story and 15EO-GL-story SC-CBFs.  
There is a significant difference in the median, 10% POE, and 5% POE values of 
UColumn,TH for stories 1 and 2 when comparing between the 15-story (Figure 7.48) and 
15E-story (Figure 7.53) archetype SC-CBFs subjected to ground motion Set I.  The 10% 
POE and 5% POE values of UColumn,TH for stories 3 through 12 are similar in most cases 
for the 15-story and 15E-story SC-CBFs subjected to ground motion Set I.  The 10% 
POE value of UColumn,TH for the 15EO-GL-story (Figure 7.59) SC-CBF is less than the 
10% POE value for the 15E-story (Figure 7.53) SC-CBF for stories 9 through 15. 
There is a significant difference in the top story UColumn,TH between the 15EO-GL-story 
(Figure 7.59) archetype SC-CBF and the 15-story and 15E-story SC-CBFs.  The Fx,fdd 
used to calculate UColumn,TH for the 15
th
 story of the 15-story and 15E-story SC-CBFs is 
far too small. However, the Fx,fdd used to calculate UColumn,TH for the 15
th
 story of the 
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15EO-GL SC-CBF is more reasonable.  The reason for the significant difference in the 
calculated value of Fx,fdd between the 15-story, 15E-story, and the 15EO-GL story is 
explained in Section 7.1.8. 
The column Fx,fdd used to calculate UColumn,TH for the 18-story SC-CBF for ground motion 
Set F (Figure 7.43) is large enough for all stories.  For ground motion Set I (Figure 7.49) 
the column Fx,fdd used to calculate UColumn,TH is too small for stories 5 through 14.  The 
distribution of the 10% POE value for UColumn,TH is not uniform over the height of the SC-
CBF.  The statistical values (median, 5% and 10% POE) for UColumn,TH for ground motion 
Set I are greater than for ground motion Set F for all stories. 
The column Fx,fdd used to calculate UColumn,TH for the 18E-story SC-CBF (Figure 7.54) 
subjected to ground motion Set I is too small for stories 5 through 14.  The distribution of 
the 10% POE value for UColumn,TH is not uniform over the height of the SC-CBF and an 
improved procedure to determine Fx,fdd would produce a more uniform distribution.   
The column Fx,fdd used to calculate UColumn,TH for the 18EO-GL-story SC-CBF (Figure 
7.60) subjected to ground motion Set I is too small for stories 3 through 8.  The 
distribution of the 10% POE value for UColumn,TH is not uniform over the height of the SC-
CBF.  There is a significant increase in the median, 10% POE, and 5% POE values of 
UColumn,TH between the 2
nd
 and 3
rd
 story. 
There is a significant difference in the median, 10% POE, and 5% POE values of the 1
st
 
story UColumn,TH when comparing between the 18-story (Figure 7.49) and 18E-story 
(Figure 7.54) SC-CBFs subjected to ground motion Set I.  The 10% POE and 5% POE 
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values of UColumn,TH for stories 3 through 4, and 7 through 16 are similar ( with less than 
10% difference in the value of UColumn,TH) for the 18 and 18E-story SC-CBFs subjected to 
ground motion Set I.  The trend for the median, 10% POE, and 5% POE values of 
UColumn,TH is similar for stories 1 through 6 of the 18E-story and 18EO-GL-story (Figure 
7.60) SC-CBFs.  The median, 10% POE, and 5% POE values of UColumn,TH for the upper 
stories of the 18EO-GL-story SC-CBF decrease with increasing story number. 
7.1.5.2 Brace Axial Force Demands 
The normalized brace axial utilization (UBrace,TH) is the peak brace axial force (largest of 
the two SC-CBF braces) divided by Fx,fdd.  Figures 7.61 through 7.66 show the UBrace,TH 
for each story of the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground 
motion sets A, B, C, D, E, and F, respectively.  Figures 7.67 through 7.72 show UBrace,TH 
for each story for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to 
ground motion Set I.  Figures 7.73 through 7.77 show UBrace,TH for each story for the 6E, 
9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I.  The 
response of the 12E-story SC-CBF to ground motion TCU051E from the 1999 Chi-Chi, 
Taiwan earthquake and the response of the 15E-story SC-CBF to ground motions 
TCU051E and TCU051N from the 1999 Chi-Chi, Taiwan earthquake have been excluded 
from the data as explained in Section 7.1.9.  Figures 7.78 through 7.83 show UBrace,TH for 
each story for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-
story archetype SC-CBFs subjected to ground motion Set I.  A value for UBrace,TH greater 
than 1.00 indicates the member axial force demand was under-estimated by Fx,fdd while a 
value for UBrace,TH less than 1.00 indicates the member axial force demand was over-
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estimated by Fx,fdd.  For the #EO-GL-story archetype SC-CBFs, the Fx,fdd were 
recalculated based on the gravity load present during the time-history analysis.  The 
median value for UBrace,TH is shown in the figures with a solid bar.  The median UBrace,TH 
is calculated by taking the exponential of the average of the natural log of the data.  The 
value of UBrace,TH with a 5% POE (assuming a log-normal distribution) is shown with an 
open bar.  The value of UBrace,TH with a 10% POE (assuming a log-normal distribution) is 
shown with a solid dot.  The intent of the Roke et al. (2010) design procedure is that 
UBrace,TH should only have a 5% to 10% probability of being greater than 1.0. 
The brace Fx,fdd used to calculate UBrace,TH for the 4-story SC-CBF for ground motion Set 
A (Figure 7.61) is large enough since the 10% POE value of UBrace,TH for all stories is less 
than 1.00.  The brace Fx,fdd used to calculate UBrace,TH for the 4-story SC-CBF for ground 
motion Set I (Figure 7.67) should be increased slightly for the 3
rd
 story since the 10% 
POE value of UBrace,TH is 1.02.  The 3
rd
 story brace has the largest median UBrace,TH for 
both ground motion Set A and Set I.  The distribution of the 10% POE UBrace,TH over the 
height of the SC-CBF is reasonably uniform.  The statistical values (median, 5% and 10% 
POE) of UBrace,TH for the response to ground motion Set I are greater than for the response 
to ground motion Set A for all stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 4EO-GL-story (Figure 7.78) SC-CBF 
for ground motion Set I is too small for the 3
rd
 story since the value of the 10% POE 
UBrace,TH is 1.12.  The 3
rd
 story brace has the largest value for the median UBrace,TH.  The 
distribution of the 10% POE value for UBrace,TH is not uniform over the height of the SC-
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CBF and an improved procedure to determine Fx,fdd would produce a more uniform 
distribution.  
The brace Fx,fdd used to calculate UBrace,TH for the 6-story SC-CBF for ground motion Set 
B (Figure 7.62) is large enough for all but the 4
th
 story where the value of the 10% POE 
UBrace,TH is 1.44.  The brace Fx,fdd used to calculate UBrace,TH for the 6-story SC-CBF for 
ground motion Set I (Figure 7.68) is too small for the 4
th
 story where the value of the 
10% POE UBrace,TH is 1.53.  The 4
th
 story brace has the largest value of the median 
UBrace,TH for both ground motion Set B and Set I.  The distribution of the 10% POE value 
for UBrace,TH is not uniform over the height of the SC-CBF.  The statistical values 
(median, 5% and 10% POE) of UBrace,TH for the response to ground motion Set I are 
greater than for the response to ground motion Set B for all stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 6E-story SC-CBF (Figure 7.73) for 
ground motion Set I is too small for the 4
th
 and 5
th
 stories.  The distribution of the 10% 
POE value for UBrace,TH is not uniform over the height of the SC-CBF.  
The trends for the median, 10% POE, and 5% POE values of UBrace,TH are similar for the 
6-story (Figure 7.68) and 6E-story (Figure 7.73) SC-CBFs subjected to ground motion 
Set I.  The values of the median, 10% POE, and 5% POE UBrace,TH are relatively close 
between the the 6-story and 6E-story SC-CBFs subjected to ground motion Set I except 
for the 5% and 10% POE UBrace,TH values for the 4
th
 and 5
th
 stories. 
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The brace Fx,fdd used to calculate for the 6EO-GL-story SC-CBF (Figure 7.79) for ground 
motion Set I is too small for the 4
th
 and 5
th
 stories.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  
The trends for the median, 10% POE, and 5% POE values of UBrace,TH for the 6-story 
(Figure 7.68), the 6E-story (Figure 7.73), and the 6EO-GL-story (Figure 7.79) SC-CBFs 
subjected to ground motion Set I are similar over the height of the SC-CBFs. 
The brace Fx,fdd used to calculate UBrace,TH for the 9-story SC-CBF for ground motion Set 
C (Figure 7.63) and ground motion Set I (Figure 7.69) is too small for 5
th
, 6
th
, and 7
th
 
stories.  The 6
th
 story brace has the largest median UBrace,TH for both ground motion Set C 
and Set I.  The distribution of the 10% POE value for UBrace,TH is not uniform over the 
height of the SC-CBF.  The statistical values (median, 5% and 10% POE) of UBrace,TH for 
the response to ground motion Set I are greater than for the response to ground motion 
Set C for all stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 9E-story SC-CBF (Figure 7.74) for 
ground motion Set I is too small for stories 5 through 7.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  When comparing the 
response of the 9-story (Figure 7.69) and 9E-story (Figure 7.74) SC-CBFs subjected to 
ground motion Set I, there is little difference in the median, 10% POE, and 5% POE 
values of UBrace,TH for each story. 
The brace Fx,fdd used to calculate UBrace,TH for the 9EO-GL-story (Figure 7.80) SC-CBF 
for ground motion Set I is too small for stories 5 through 7.  The distribution of the 10% 
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POE value for UBrace,TH is not uniform over the height of the SC-CBF.  The trends for the 
median, 10% POE, and 5% POE values of UBrace,TH for the 9-story (Figure 7.69) , 9E-
story (Figure 7.74), and 9EO-GL-story (Figure 7.80) SC-CBFs subjected to ground 
motion Set I are similar over the height of the SC-CBFs. 
The brace Fx,fdd used to calculate UBrace,TH for the 12-story SC-CBF for ground motion Set 
D (Figure 7.64) is too small for the 7
th
 and 8
th
 stories.  The brace Fx,fdd used to calculate 
UBrace,TH for the 12-story SC-CBF for ground motion Set I (Figure 7.70) is too small for 
stories 7 through 11.  The 7
th
 story brace has the largest median UBrace,TH for the response 
to both ground motion Set D and Set I.  The distribution of the 10% POE value for 
UBrace,TH is not uniform over the height of the SC-CBF.  Stories 1-6 are under-utilized 
with the 10% POE value of UBrace,TH being less than 0.60 for ground motion Set D and 
0.75 for ground motion Set I.  There is a sudden increase in the UBrace,TH value between 
the 6
th
 and 7
th
 stories.  The 7
th
 story has the largest 10% POE UBrace,TH value, which much 
greater than 1.00.  The statistical values (median, 5% and 10% POE) for the response to 
ground motion Set I are greater than for the response to ground motion Set D for all 
stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 12E-story SC-CBF (Figure 7.75) for 
ground motion Set I is too small for stories 7 through 8 and 11.  The distribution of the 
10% POE value for UBrace,TH is not uniform over the height of the SC-CBF.  There is little 
difference in the median, 10% POE, and 5% POE values of UBrace,TH for stories 1 through 
6 and 11 and significant differences for stories 7 through 10 and 12 between the 12-story 
(Figure 7.70) and 12E-story (Figure 7.75) SC-CBFs subjected to ground motion Set I. 
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The brace Fx,fdd used to calculate UBrace,TH for the 12EO-GL-story SC-CBF (Figure 7.81) 
for ground motion Set I is too small for stories 7 and 8.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  The trends in the 
median, 10% POE, and 5% POE values of UBrace,TH are similar for the 12-story (Figure 
7.70), 12E-story (Figure 7.75), and 12EO-GL-story (Figure 7.81) SC-CFs subjected to 
ground motion Set I.  
The brace Fx,fdd used to calculate UBrace,TH for the 15-story SC-CBF for ground motion Set 
E (Figure 7.65) is too small for stories 9 and 10.  The brace Fx,fdd for the 15-story SC-
CBF for ground motion Set I (Figure 7.71) is too small for stories 8 through 13.  The 9
th
 
story brace has the largest median UBrace,TH for both ground motion Set E and Set I.  The 
distribution of the 10% POE value for UBrace,TH is not uniform over the height of the SC-
CBF.  The 9
th
 story has the largest 10% POE value of UBrace,TH, which is significantly 
greater than 1.00.  The statistical values (median, 5% and 10% POE) of UBrace,TH for the 
response to ground motion Set I are greater than for the response to ground motion Set E 
for all stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 15E-story SC-CBF (Figure 7.76) for 
ground motion Set I is too small for stories 9 and 10.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  The largest difference 
in the median, 10% POE, and 5% POE values for UBrace,TH between the 15-story (Figure 
7.71) and 15E-story (Figure 7.76) SC-CBFs subjected to ground motion Set I occurs at 
about 2/3 of the height of the SC-CBF. 
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The brace Fx,fdd used to calculate UBrace,TH for the 15EO-GL-story SC-CBF (Figure 7.82) 
for ground motion Set I is too small for the 9
th
 story.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  The trends in the 
median, 10% POE, and 5% POE values for UBrace,TH are similar for the 15-story (Figure 
7.71), 15E-story (Figure 7.76), and 15EO-GL-story (Figure 7.82) SC-CFs. 
The brace Fx,fdd used to calculate UBrace,TH for the 18-story SC-CBF for ground motion Set 
F (Figure 7.66) is too small for stories 11 and 12.  The brace Fx,fdd used to calculate 
UBrace,TH for the 18-story SC-CBF for ground motion Set I (Figure 7.72) is too small for 
stories 10 through 16.  The distribution of the 10% POE value for UBrace,TH is not uniform 
over the height of the SC-CBF.  The largest median UBrace,TH value for both ground 
motion Set F and Set I is in the 11
th
 story.  The 11
th
 story has the largest 10% POE value 
for UBrace,TH for ground motion Set F, while the largest 10% POE value for UBrace,TH for 
ground motion Set I is in the 12
th
 story.  The statistical values (median, 5% and 10% 
POE) for the response to ground motion Set I are greater than for the response to ground 
motion Set F for all stories. 
The brace Fx,fdd used to calculate UBrace,TH for the 18E-story SC-CBF (Figure 7.77) for 
ground motion Set I is too small for stories 10 through 13.  The distribution of the 10% 
POE value for UBrace,TH is not uniform over the height of the SC-CBF.  The largest 
difference in the median, 10% POE, and 5% POE values for UBrace,TH between the 18-
story (Figure 7.72) and 18E-story (Figure 7.77) SC-CBFs subjected to ground motion Set 
I occurs about 2/3 of the height of the structure. 
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The brace Fx,fdd used to calculate UBrace,TH for the 18EO-GL-story SC-CBF (Figure 7.83) 
for ground motion Set I is large enough for all stories.  The distribution of the 10% POE 
value for UBrace,TH is not uniform over the height of the SC-CBF.  The trends in the 
median, 10% POE, and 5% POE values for UBrace,TH are similar for the 18-story (Figure 
7.72), 18E-story (Figure 7.77), and 18EO-GL-story (Figure 7.83) SC-CFs. 
7.1.5.3 Beam Axial Force Demands  
The normalized beam axial utilization (UBeam,TH) is the peak beam axial force divided by 
Fx,fdd.  Figures 7.84 through 7.89 show UBeam,TH for each floor for the 4, 6, 9, 12, 15, and 
18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, 
respectively.  Figures 7.90 through 7.95 show UBeam,TH for each floor for the 4, 6, 9, 12, 
15, and 18-story archetype SC-CBFs subjected to ground motion Set I.  Figures 7.96 
through 7.100 show UBeam,TH for each floor for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I.  The response of the 12E-story SC-
CBF to ground motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the 
response of the 15E-story SC-CBF to ground motions TCU051E and TCU051N from the 
1999 Chi-Chi, Taiwan earthquake have been excluded from the data as explained in 
Section 7.1.9.  Figures 7.101 through 7.106 show UBeam,TH for each floor for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I.  A value for UBeam,TH greater than 1.00 indicates the 
member axial force demand was under-estimated by Fx,fdd while a value for UBeam,TH less 
than 1.0 indicates the member axial force demand was over-estimated by Fx,fdd. For the 
#EO-GL-story archetype SC-CBFs, the Fx,fdd were recalculated based on the gravity load 
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present during the time-history analysis.  The median UBeam,TH is shown in the figures 
with a solid bar.  The median UBeam,TH is calculated by taking the exponential of the 
average of the natural log of the data.  The value of UBeam,TH with a 5% POE (assuming a 
log-normal distribution) is shown with an open bar.  The value of UBeam,TH with a 10% 
POE (assuming a log-normal distribution) is shown with a solid dot.  The intent of the 
Roke et al. (2010) design procedure is that UBeam,TH should only have a 5% to 10% 
probability of being greater than 1.0. 
The beam Fx,fdd used to calculate UBeam,TH for the 4-story SC-CBF for both ground motion 
Set A (Figure 7.84) and Set I (Figure 7.90) is large enough since the 10% POE value for 
UBeam,TH for all floors is less than 1.00.  The 2
nd
 floor beam has the largest median 
UBeam,TH for both ground motion Set A and Set I.  The distribution of the 10% POE value 
for UBeam,TH over the height of the SC-CBF is reasonably uniform.  The statistical values 
(median, 5% and 10% POE) of UBeam,TH for the response to ground motion Set I are 
greater than for the response to ground motion Set A for all floors. 
The beam Fx,fdd used to calculate UBeam,TH for the 4EO-GL-story SC-CBF (Figure 7.101) 
for ground motion Set I is too large for all floors.  The 3
rd
 floor beam has the largest 
median UBeam,TH.  The distribution of the 10% POE value for UBeam,TH is not uniform over 
the height of the SC-CBF and an improved procedure to determine Fx,fdd would produce a 
more uniform distribution.   
The beam Fx,fdd used to calculate UBeam,TH for the 6-story SC-CBF for both ground motion 
Set B (Figure 7.85) and Set I (Figure 7.91) is too small for the 5
th
 floor since the 10% 
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POE value for UBeam,TH exceeds 1.00.  The distribution of the 10% POE value for UBeam,TH 
is not uniform over the height of the SC-CBF and an improved procedure to determine 
Fx,fdd would produce a more uniform distribution.  The statistical values (median, 5% and 
10% POE) for UBeam,TH for the response to ground motion Set I are generally greater than 
for the response to ground motion Set B. 
The beam Fx,fdd used to calculate UBeam,TH for the 6E-story SC-CBF (Figure 7.96) for 
ground motion Set I is too small for the 5
th
 floor.  The distribution of the 10% POE value 
for UBeam,TH is not uniform over the height of the SC-CBF.  The median, 10% POE, and 
5% POE values for UBeam,TH are similar for the 6-story and 6E-story SC-CBFs subjected 
to ground motion Set I. 
The beam Fx,fdd used to calculate UBeam,TH for the 6EO-GL-story SC-CBF (Figure 7.102) 
for ground motion Set I is large enough for all floors.  The distribution of the 10% POE 
value for UBeam,TH is not uniform over the height of the SC-CBF.  Many of the floor 
beams are significantly under-utilized. 
The beam Fx,fdd used to calculate UBeam,TH for the 9-story SC-CBF for ground motion Set 
C (Figure 7.86) is large enough for all floors since the 10% POE value for UBeam,TH is less 
than 1.0.  The beam Fx,fdd used to calculate UBeam,TH for the 9-story SC-CBF for ground 
motion Set I (Figure 7.92) is too small for the 7
th
 floor where the 10% POE value for 
UBeam,TH exceeds 1.00.  The 7
th
 floor beam has the largest median UBeam,TH for both 
ground motion Set C and Set I.  The distribution of the 10% POE value for UBeam,TH is not 
uniform over the height of the SC-CBF.  The statistical values (median, 5% and 10% 
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POE) for UBeam,TH for the response to ground motion Set I are greater than for the 
response to ground motion Set C for all floors. 
The beam Fx,fdd used to calculate UBeam,TH for the 9E-story SC-CBF (Figure 7.97) for 
ground motion Set I is large enough for all floors.  The distribution of the 10% POE value 
for UBeam,TH is not uniform over the height of the SC-CBF.  The median, 10% POE, and 
5% POE values for UBeam,TH are similar for most floors of the 9-story and 9E-story SC-
CBFs subjected to ground motion Set I. 
The beam Fx,fdd used to calculate UBeam,TH for the 9EO-GL-story SC-CBF (Figure 7.103) 
for ground motion Set I is large enough for all floors.  The distribution of the 10% POE 
value for UBeam,TH is not uniform over the height of the SC-CBF.  Many of the floor 
beams are significantly under-utilized. 
The beam Fx,fdd used to calculate UBeam,TH for the 12-story SC-CBF for ground motion Set 
D (Figure 7.87) is large enough for all floors.  The beam Fx,fdd used to calculate UBeam,TH 
for the 12-story SC-CBF for ground motion Set I (Figure 7.93) is too small for the 2
nd
, 
11
th
, and 12
th
 floors where the 10% POE value for UBeam,TH exceeds 1.00.  The 2
nd
 floor 
beam has the largest median UBeam,TH for both ground motion Set D and Set I.  The 
distribution of the 10% POE value for UBeam,TH is not uniform over the height of the SC-
CBF.  The statistical values (median, 5% and 10% POE) for UBeam,TH for the response to 
ground motion Set I are greater than for the response to ground motion Set D for all 
floors. 
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The beam Fx,fdd used to calculate UBeam,TH for the 12E-story SC-CBF (Figure 7.98) for 
ground motion Set I is large enough for all floors.  The distribution of the 10% POE value 
for UBeam,TH is not uniform over the height of the SC-CBF.  The median, 10% POE, and 
5% POE values for UBeam,TH for floors 1, 3, 5, 7, and 10 are similar for the 12-story and 
12E-story SC-CBFs subjected to ground motion Set I. 
The beam Fx,fdd used to calculate UBeam,TH for the 12EO-GL-story SC-CBF (Figure 7.104) 
for ground motion Set I is large enough for all floors.  The distribution of the 10% POE 
value for UBeam,TH is not uniform over the height of the SC-CBF.  
The beam Fx,fdd used to calculate UBeam,TH for the 15-story SC-CBF for ground motion Set 
E (Figure 7.88) is large enough for all floors.  The beam Fx,fdd for the 15-story SC-CBF 
for ground motion Set I (Figure 7.94) is too small for the 2
nd
 floor where the 10% POE 
value for UBeam,TH exceeds 1.00.  The 2
nd
 floor beam has the largest median UBeam,TH for 
both ground motion Set E and Set I.  The distribution of the 10% POE value for UBeam,TH 
is not uniform over the height of the SC-CBF.  The statistical values (median, 5% and 
10% POE) for the response to ground motion Set I are greater than for the response to 
ground motion Set E for all floors. 
The beam Fx,fdd used to calculate UBeam,TH for the 15E-story SC-CBF (Figure 7.99) for 
ground motion Set I is large enough for all floors.  The distribution of the 10% POE value 
for UBeam,TH is not uniform over the height of the SC-CBF.  The median, 10% POE, and 
5% POE values for UBeam,TH for floors 1, 2, 3, 5, 7, 9, 11, 13 and 15 are similar for the 15-
story and 15E-story SC-CBFs subjected to ground motion Set I. 
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The beam Fx,fdd used to calculate UBeam,TH for the 15EO-GL-story SC-CBF (Figure 7.105) 
for ground motion Set I is large enough for all floors.  The distribution of the 10% POE 
value for UBeam,TH is not uniform over the height of the SC-CBF.  
The beam Fx,fdd used to calculate UBeam,TH for the 18-story SC-CBF for both ground 
motion Set F (Figure 7.89) and Set I (Figure 7.95) is large enough for all floors since the 
10% POE value for UBeam,TH is less than 1.0.  The 4
th
 floor beam has the largest median 
UBeam,TH for ground motion Set F, while the 2
nd
 floor has the largest median UBeam,TH for 
ground motion Set I.  The distribution of the 10% POE value for UBeam,TH is not uniform 
over the height of the SC-CBF.  The statistical values (median, 5% and 10% POE) for 
UBeam,TH for the response to ground motion Set I are greater than for the response to 
ground motion Set F for all floors.  
The beam Fx,fdd used to calculate UBeam,TH for the 18E-story SC-CBF (Figure 7.100) for 
ground motion Set I is too small for the 2
nd
 floor.  The distribution of the 10% POE value 
for UBeam,TH is not uniform over the height of the SC-CBF.  The median, 10% POE, and 
5% POE values for UBeam,TH for floors 1, 3, 4, 5, 7, 9, 11, and 15 through 18 are similar 
for the 18-story and 18E-story SC-CBFs subjected to ground motion Set I. 
The beam Fx,fdd used to calculate UBeam,TH for the 18EO-GL-story SC-CBF (Figure 7.106) 
for ground motion Set I is large enough for all floors.  The distribution of the 10% POE 
value for UBeam,TH is not uniform over the height of the SC-CBF.  
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7.1.5.4 Distribution Strut Axial Force Demands  
The normalized distribution strut axial utilization (UDistStrut,TH) is the peak distribution 
strut axial force divided by Fx,fdd.  Figure 7.107 shows UDistStrut,TH for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, 
respectively.  Figure 7.108 shows UDistStrut,TH utilization for the 4, 6, 9, 12, 15, and 18-
story archetype SC-CBFs subjected to ground motion Set I.  Figure 7.108 shows 
UDistStrut,TH for the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to 
ground motion Set I.  The response of the 12E-story SC-CBF to ground motion 
TCU051E from the 1999 Chi-Chi, Taiwan earthquake and the response of the 15E-story 
SC-CBF to ground motions TCU051E and TCU051N from the 1999 Chi-Chi, Taiwan 
earthquake have been excluded from the data as explained in Section 7.1.9.  Figure 7.110 
shows UDistStrut,TH utilization for the 4EO-GL, 6EO-GL, 12EO-GL, and 18EO-GL-story 
archetype SC-CBFs subjected to ground motion Set I.  The 9EO-GL and 15EO-GL 
archetype SC-CBFs did not have distribution struts.  A value for UDistStrut,TH greater than 
1.00 indicates that the member axial force demand was under-estimated by Fx,fdd while a 
value for UDistStrut,TH less than 1.00 indicates that the member axial force demand was 
over-estimated Fx,fdd. For the #EO-GL-story archetype SC-CBFs, the Fx,fdd were 
recalculated based on the actual gravity load present during the time-history analysis.  
The median UDistStrut,TH is shown in the figures with a solid bar.  The median UDistStrut,TH is 
calculated by taking the exponential of the average of the natural log of the data.  The 
value of UDistStrut,TH with a 5% POE (assuming a log-normal distribution) is shown with 
an open bar.  The value of UDistStrut,TH with a 10% POE (assuming a log-normal 
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distribution) is shown with a solid dot.  The intent of the Roke et al. (2010) first 
generation design procedure is that UDistStrut,TH should only have a 5% to 10% probability 
of being greater than 1.0. 
The distribution strut Fx,fdd used to calculate UDistStrut,TH for the 4, 6, 9, 12, 15, and 18-
story SC-CBFs for both ground motion Set A, B, C, D, E, and F, respectively (Figure 
7.107), as well as ground motion Set I (Figure 7.108), is large enough since the 10% POE 
value for UDistStrut,TH for all stories is less than 1.00.  The distribution strut Fx,fdd used to 
calculate UDistStrut,TH for the 6E, 9E, 12E, 15E, and 18E-story SC-CBFs (Figure 7.109) 
subjected to ground motion Set I is large enough since the 10% POE value for UDistStrut,TH 
for all stories is less than 1.00.  The distribution strut Fx,fdd used to calculate UDistStrut,TH 
for the 4EO-GL, 6EO-GL, 12EO-GL, and 18EO-GL-story SC-CBFs (Figure 7.110) 
subjected to ground motion Set I is large enough since the 10% POE value for UDistStrut,TH 
for all stories is less than 1.00.   
The distribution struts of the 6-story and 9-story SC-CBFs subjected to ground motion 
sets B and C, respectively, are under-utilized since the 10% POE UDistStrut,TH is less than 
0.8.  The 15E-story and 18EO-GL-story archetype SC-CBFs subjected to ground motion 
Set I are also under-utilized.  The statistical values (median, 5% and 10% POE) for 
UDistStrut,TH for the response of the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion Set I are greater than for the response to ground motion set A, 
B, C, D, E, and F for all but the 18 story SC-CBF.  The statistical values (median, 5% and 
10% POE) for UDistStrut,TH for the response of the 6, 9, 12, and 18-story archetype SC-
CBFs subjected to ground motion Set I are similar to the statistical values for UDistStrut,TH 
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from the 6E, 9E, 12E, and 18E-story archetype SC-CBFs subjected to ground motion Set 
I.  The median, 5% and 10% POE values for UDistStrut,TH for the 4EO-GL, 6EO-GL, 
12EO-GL, and 18EO-GL-story SC-CBFs decrease with an increase in the number of 
stories.   
7.1.5.5 Base Strut Axial Force Demands  
The normalized base strut axial utilization (UBaseStrut,TH) is the peak base strut axial force 
divided by Fx,fdd.  Figure 7.111 shows UBaseStrut,TH for the 4, 6, 9, 12, 15, and 18-story 
archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, respectively.  
Figure 7.112 shows UBaseStrut,TH for the 4, 6, 9, 12, 15, and 18-story archetype SC-CBFs 
subjected to ground motion Set I.  Figure 7.113 shows UBaseStrut,TH for the 6E, 9E, 12E, 
15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I.  The response 
of the 12E-story SC-CBF to ground motion TCU051E from the 1999 Chi-Chi, Taiwan 
earthquake and the response of the 15E-story SC-CBF to ground motions TCU051E and 
TCU051N from the 1999 Chi-Chi, Taiwan earthquake have been excluded from the data 
as explained in Section 7.1.9.  Figure 7.114 shows UBaseStrut,TH for the 4EO-GL, 6EO-GL, 
9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to 
ground motion Set I.  A value for UBaseStrut,TH greater than 1.00 indicates that the member 
axial force demand was under-estimated by Fx,fdd, while a value for UBaseStrut,TH less than 
1.00 indicates that the member axial force demand was over-estimated by Fx,fdd.  For the 
#EO-GL-story archetype SC-CBFs, the Fx,fdd were recalculated based on the gravity load 
present during the time-history analysis.  The median UBaseStrut,TH is shown in the figures 
with a solid bar.  The median UBaseStrut,TH is calculated by taking the exponential of the 
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average of the natural log of the data.  The value of UBaseStrut,TH with a 5% POE (assuming 
a log-normal distribution) is shown with an open bar.  The value of UBaseStrut,TH with a 
10% POE (assuming a log-normal distribution) is shown with a solid dot.  The intent of 
the Roke et al. (2010) first generation design procedure is that UBaseStrut,TH should only 
have a 5% to 10% probability of being greater than 1.0. 
The base strut Fx,fdd used to calculate UBaseStrut,TH for the 4, 6, 9, 12, 15, and 18-story SC-
CBFs for both ground motion sets (Figure 7.111 abd Figure 7.112), for the 6E, 9E, 12E, 
15E, and 18E-story SC-CBFs (Figure 7.113), and for the 4EO-GL, 6EO-GL, 9EO-GL, 
12EO-GL, 15EO-GL, and 18EO-GL-story SC-CBFs (Figure 7.114) is adequate since the 
10% POE value for UBaseStrut,TH for all archetypes is less than 1.00.  The 10% POE value 
of UBaseStrut,TH generally decreases as the height of the SC-CBF increases.  For all 
archetype SC-CBFs, the base strut is significantly under-utilized.   
7.1.6 Floor Acceleration Spectra for SC-CBFs Subjected to Design Basis Earthquake 
One of the performance objectives for the SC-CBF system is to create the potential for 
immediate occupancy of a building after a DBE level ground motion.  To achieve 
immediate occupancy after a DBE, protecting the structure from damage is necessary, but 
not sufficient.  If the building cladding is not intact, the elevators are not operable, and 
the plumbing/fire suppression systems are not functioning, then the building may not be 
occupiable.  For this reason (limiting damage to drift-sensitive nonstructural 
components), a roof drift limit of about 1.5% was used during the design of the archetype 
SC-CBFs.   
420 
 
For acceleration-sensitive non-structural components, the performance of the SC-CBF 
system relative to conventional structural systems is of interest.  To evaluate how the 
performance of acceleration-sensitive components might be affected by SC-CBF 
behavior, a comparison of floor acceleration response spectra was made between the 4-
story archetype SC-CBF and a 4-story conventional steel special concentrically braced 
frame (CBF) building and between the 9-story archetype SC-CBF and a 9-story 
conventional steel special CBF building.  Floor acceleration response spectra can be used 
for the design of nonstructural components.  The details of the designs of the 4-story and 
9-story conventional CBF buildings can be found in Akbas (2012).  The conventional 
CBFs were modeled using OpenSees (Mazzoni et al. 2009).  Brace buckling was 
modeled for both the 4-story and 9-story CBFs.  The ground motion set that was used for 
time-history analyses was ground motion Set I.  For the 4-story SC-CBF, the PT bars 
yielded for 14 of the 36 ground motions in Set I and the median peak roof drift was 1.3% 
radians.  The 4-story CBF had significant brace bucking behavior in the first story for 
most of the ground motions.  The 4
th
 story of the 4-story CBF also had some brace 
buckling, although not as severe as in the 1
st
 story.  For the 9-story SC-CBF, the PT bars 
yielded for 3 of the 36 ground motions in Set I and the median peak roof drift was 1.6 % 
radians.  The 9-story CBF had significant buckling of the 1
st
, 3
rd
, 5
th
, 6
th
, and 7
th
 story 
braces. 
The total floor acceleration (relative floor acceleration plus ground acceleration) data 
from the time-history analysis was used as input to calculate the floor acceleration 
response spectrum.  The damping ratio for the response spectra calculation was 5%.  The 
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median plus one standard deviation response spectra was calculated because this response 
level is used by some modern building code provisions for the design of nonstructural 
elements (Fathali and Lizundia 2011).  The statistical results are calculated for the ground 
motion set.   
The median plus one standard deviation floor acceleration response spectra for the 4-
story SC-CBF and 4-story CBF are shown in Figure 7.115.  The median plus one 
standard deviation floor acceleration response spectra for the 9-story SC-CBF and 9-story 
CBF are shown in Figure 7.116.  On both plots the first two or three periods of the 
structures (calculated from the properties of the nonlinear numerical simulation model) 
are shown with vertical lines.  
Also shown in Figures 7.115 and 7.116 are the range of design spectral accelerations 
from ASCE 7-10 for nonstructural components located at the first floor and at the roof 
(ASCE 2010).  The design spectral accelerations for nonstructural components from 
ASCE 7-10 (ASCE 2010) are derived from the specified design force for acceleration-
sensitive nonstructural components as follows: 
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where, 
SAc = the derived design spectral acceleration for acceleration-sensitive non-
structural components 
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Fp = the seismic design force for acceleration-sensitive non-structural components 
(from ASCE 7-10 (ASCE 2010)) 
Wp = the component operating weight 
 SDS = short period SA (see ASCE 7-10 Section 11.4.4 (ASCE 2010))  
ap = a component amplification factor that varies from 1.00 to 2.50 
Ip = a component importance factor that varies from 1.00 to 1.50  
Rp = the component response modification factor and can vary from 1.0 to 12 
z = the height in the structure of the point of attachment of the component with 
respect to the base of the structure 
h = the average roof height of the structure with respect to the base. 
ASCE 7-10 (ASCE 2010) provides (indirectly) the following upper and lower limits on 
SAc: 
pDS
p
p
c IS
W
F
SA  6.1  (7.11) 
pDS
p
p
c IS
W
F
SA  3.0  (7.12) 
If Rp and Ip in Equation 7.10 are taken as 1.0 (assuming an elastic response of the 
component and standard component importance factor) and using SDS from the design of 
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the SC-CBF and CBF (1.0g), then the minimum SAc (z = 0) from Equation 7.10 varies 
from 0.4g to 1.0g.  The maximum (z = h) SAc from Equation 7.10 varies from 1.2g to 
3.0g.  However, Equation 7.11 limits SAc to 1.6g.   
Figure 7.115 shows floor acceleration response spectra for the 4-story SC-CBF and 4-
story CBF.  The maximum floor spectral acceleration for the 2
nd
, 3
rd
, and 4
th
 floor of the 
SC-CBF is less than the CBF.  The floor spectral acceleration for the 1
st
 floor for the SC-
CBF has a peak value near the second mode period of the SC-CBF that is close to the 4
th
 
floor spectral acceleration.  The floor spectral acceleration for the SC-CBF does not 
decrease as much as for the CBF at periods longer than the first mode period of the 
structure.  For both the 4-story SC-CBF and the 4-story CBF, the floor spectral 
accelerations at all floors exceed SAc derived from ASCE 7-10 (ASCE 2010) in the short 
period region (0 to 0.6 seconds).  For many floors, the design spectral acceleration 
significantly under-estimates the mean plus one standard deviation value. 
A shown in Figure 7.116, the floor spectral accelerations for most floors of the 9-story 
SC-CBF have peaks with high values near the second mode period of the structure.  The 
peak floor spectral acceleration values for the 9-story CBF (which responds nonlinearly 
in a shear type mechanism) are generally smaller in the short period range (less than 0.6 
seconds) than those of the 9-story SC-CBF (which response nonlinearly in a flexural type 
mechanism).  The 9-story CBF has a local peak in the floor spectral acceleration at a 
period slightly longer than the calculated first mode period of the CBF.  Similar to the 4-
story CBF, the floor spectral acceleration decreases rapidly at periods longer than the first 
mode period for the 9-story CBF.  Both the 9-story SC-CBF and the 9-story CBF have 
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interesting 7
th
 floor spectral acceleration results. The 7
th
 floor spectral acceleration in the 
short period range (less than 0.6 seconds) is less than that of the floors above and below.  
This decrease appears to be near the second mode period of the structure.  The second 
mode of the structure has a node (displaced shape has a zero crossing) in the upper part of 
the structure, which appears to influence the floor spectral acceleration in this region.  For 
both the 9-story SC-CBF and the 9-story CBF, the floor spectral accelerations at all floors 
exceed SAc derived from ASCE 7-10 (ASCE 2010) in the short period region (0 to 0.6 
seconds).  For many of the floors, SAc significantly under-estimates the mean plus one 
standard deviation value. 
To better understand both the effect of rocking of the SC-CBF on the floor spectral 
accelerations, as well as the effect of the nonlinear response of the CBF on floor spectral 
accelerations, the 9-story CBF was modeled with elastic materials and without initial 
imperfections in the braces, and was subjected to ground motion Set I.  The mean plus 
one standard deviation (in natural log space) floor spectral accelerations were calculated 
and are shown in Figure 7.117.  The figure shows local peak floor spectral accelerations 
near the first, second and third mode periods of the CBF for most of the floors as well as 
a fourth distinct local peak near a period of 1 second.  The floor spectral acceleration 
values are usually greater for the elastic CBF response compared with the inelastic CBF 
response, indicating that nonlinearities (brace buckling, etc.) reduce the floor spectral 
accelerations.  The floor acceleration spectra for the elastic CBF decrease as the period 
increases past the first mode period, which is different from the SC-CBF floor 
acceleration spectra shown in Figure 7.116a.  This difference in behavior suggests that 
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rocking of the SC-CBF influences the floor acceleration spectra at periods longer than the 
first mode period.  Another observation from comparing the elastic and inelastic response 
of the CBF is that the magnitude of the floor spectral acceleration depends on the 
nonlinearity in lateral force resisting system.  The variation in magnitude of floor spectral 
acceleration with nonlinearity in the structure should be explored in future research. 
7.1.7 Effect of Using Lateral Load Bearings with Friction for Energy Dissipation on 
the Response of SC-CBFs Subjected to Design Basis Earthquake 
One of the key differences between the #-story, #E-story, #EO-story, and #EO-GL 
archetype SC-CBFs is the source of energy dissipation.  The #-story archetype SC-CBFs 
dissipate energy through friction in the lateral load bearings at each floor.  The #E-story 
archetype SC-CBFs dissipate energy through friction in lateral load bearings at each floor 
and supplemental energy dissipation devices positioned vertically at the 1
st
 story SC-CBF 
column lines.  In all cases, the supplemental energy dissipation devices were modeled in 
the time-history analyses as bilinear elastic-plactic yielding devices with hardening (see 
Section 5.1.2.11).  The #EO-story archetype SC-CBFs have lateral load bearings at each 
floor, but the lateral load bearings are frictionless bearings.  The energy dissipation for 
the #EO-story SC-CBF designs come from supplemental energy dissipation devices 
positioned vertically at the first story SC-CBF column lines.  The #EO-GL archetype SC-
CBFs do not have lateral load bearings and all of the energy dissipation comes from 
supplemental energy dissipation devices positioned vertically at the first story SC-CBF 
column lines.  In all cases, the supplemental energy dissipation devices were modeled in 
the time-history analyses as bilinear elastic-plactic yielding devices with hardening (see 
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Section 5.1.2.11).  This section studies the differences in the seismic response of these 
four types of archetype SC-CBFs by comparing the response of the 9-story, 9E-story, 
9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground motion Set I. 
Figures 7.118 through 7.131 show results of the time-history analyses of the 9-story, 9E-
story, 9EO-story, and 9EO-GL-story SC-CBFs.  Figure 7.118 shows θr,Peak, Figure 7.119 
shows θr,Res, Figure 7.120 shows θs,Peak, Figure 7.121 shows PTNorm, Figure 7.122 shows 
OMMR,n for the first two modes, Figure 7.123 shows OMMY,n for the first two modes, 
Figure 7.124 shows OMNorm, Figures 7.125 and 7.126 show peak  n data, Figure 7.127 
shows UColumn,TH, Figure 7.128 shows UBrace,TH, Figure 7.129 shows UBeam,TH, Figure 
7.130 shows UDistStrut,TH, and Figure 7.131 shows UBaseStrut,TH.  All of the response 
quantities in Figures 7.118 through 7.131 are calculated and presented as described 
previously in this chapter. 
Most of the data for the 9-story, 9E-story, 9EO-story, and the 9EO-GL-story archetype 
SC-CBFs follow similar trends, but there are a few differences that are worth examining 
further.  Two response quantities that require further discussion are OMNorm (Figure 
7.124), which is the peak base overturning moment (calculated from restoring forces 
without including global second order moment) divided by OMY (design capacity at base 
of SC-CBF), and UColumn,TH (Figure 7.127), which is the peak column axial force (largest 
of the two SC-CBF columns) divided by Fx,fdd. 
The median OMNorm for the 9-story and 9E story archetype SC-CBFs is 1.0 or greater and 
the dispersion is significant.  The median OMNorm for the 9EO-story and 9EO-GL-story 
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archetype SC-CBFs is less than 1.0 and the dispersion is very small in comparison to the 
dispersion for the 9-story and 9E-story archetype SC-CBFs.  The 9-story, 9E-story, 9EO-
story SC-CBFs all have lateral load bearings in their design, but only the 9-story and 9E-
story have lateral load bearings with friction for energy dissipation (the lateral load 
bearings for the 9EO-story SC-CBF are considered to be frictionless).  The 9E-story, 
9EO-story, and 9EO-GL-story SC-CBFs have supplemental energy dissipation devices.   
The difference in behavior between the 9-story, 9E-story and the 9EO-story, 9EO-GL-
story SC-CBFs is the friction in the lateral load bearings.  The overturning moment 
resistance from the friction in the lateral load bearings depends on the profile (over the 
height of the SC-CBF) of the applied forces acting on the lateral load bearings.  In the 
design process, it is assumed that the force profile is proportional to the first mode shape, 
but due to higher mode response the lateral force profile is not always proportional to the 
first mode shape.  If the effective height of the lateral force profile decreases (relative to 
the effective height of forces proportional to the first mode shape) then the total lateral 
force (base shear) for a given level of overturning moment resistance will increase.  The 
increased total lateral force will increase the contribution of the friction force to the 
overturning moment resistance, so that it exceeds OMY.  Since the lateral force profile 
and thus the effective height changes throughout the response to a ground motion, 
significant dispersion in OMNorm for the 9-story and 9E-story SC-CBFs is observed.  
There is not significant dispersion in OMNorm for the 9EO-story and 9EO-GL-story SC-
CBFs, because the overturning moment resistance is controlled by yielding of the 
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supplemental energy dissipation elements and yielding of the PT bars, which are not 
significantly dependent on the applied lateral force profile. 
The effect of friction in the lateral load bearings on the overturning moment response is 
evident by comparing base-overturning moment versus roof drift hysteresis loops for the 
9E-story SC-CBF and 9EO-story SC-CBF subjected to the same ground motion.  Figure 
7.132 shows the overturning moment versus roof drift hysteresis response for the 9E-
story SC-CBF subjected to ground motion ILA013 from the 1999 Chi-Chi earthquake in 
ground motion Set I, while Figure 7.133 shows the overturning moment versus roof drift 
response for the 9EO-story SC-CBF subjected to the same ground motion.  The 9E-story 
SC-CBF has several points in the hysteresis plot where the overturning moment exceeds 
OMY, while the 9EO-story SC-CBF never exceeds OMY. 
Another concern regarding OMNorm for the 9EO-story and 9EO-GL-story SC-CBFs is that 
none of the values from the time-history analysis reach OMY even though there are 
analyses that yielded the PT bars.  However, this is expected considering how the base 
overturning moment and OMY used in calculating OMNorm are determined. The applied 
base overturning moment is calculated using restoring forces from time-history analysis 
and does not include global second order base overturning moments.  If the applied base 
overturning moment and global second order base overturning moment are summed, then 
the result is the total applied overturning moment demand.  OMY is the calculated 
overturning moment capacity at yield of the PT steel.  Rather than determine the global 
second order base overturning moment at each step during the time history analyses, only 
the base overturning calculated from the restoring forces was used when calculating 
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OMNorm.  Therefore, OMNorm may be less than 1.0 even when the PT steel has yielded.  
Alternatively, the global second order base overturning moment can be estimated by 
assuming a linear displacement profile over the height of the SC-CBF.  In this case the 
base overturning moment capacity at yield of the PT steel considering the global second 
order base overturning (OMY2) can be calculated using Equation 3.17.  Figure 7.133 
shows how the considering the global second order base overturning moment affects the 
overturning moment versus roof drift design curve and the base overturning yield 
capacity at yield of the PT steel. 
Figure 7.127 shows UColumn,TH for the 9
th
 story of the 9-story, 9E-story, 9EO-story and 
9EO-GL-story SC-CBFs.  UColumn,TH for the 9-story and 9E-story archetype SC-CBFs has 
a different trend in behavior from the 9EO-story and 9EO-GL-story SC-CBFs.  Median 
UColumn,TH values for the 9
th
 story of the 9-story and 9E-story SC-CBFs are very high 
(2.38 and 3.19, respectively) compared to median UColumn,TH values for the 9
th
 story of the 
9EO-story and 9EO-GL-story SC-CBFs (0.81 and 0.99, respectively).  Fx,fdd for the 9
th
 
story columns of the 9-story and 9E-story SC-CBF is 69 kips and 48 kips, respectively.  
Fx,fdd for the design of the 9
th
 story columns of the 9EO-story SC-CBF is 18 kips.  Fx,fdd 
(recalculated based on the gravity load presentduring the time-history analyses) of the 9
th
 
story columns of the 9EO-GL-story SC-CBF is 39 kips.  The orientation of the braces in 
the top story of the 9-story, 9E-story, 9EO-story, and 9EO-GL-story SC-CBFs is such 
that the 9
th
 story column axial force is not expected to be large.  When lateral load 
bearings are used in the design of SC-CBFs, the Roke et al. (2010) first generation design 
procedure assumes that the frictional forces that develop in the lateral load bearings are 
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proportional to the first mode lateral forces and frictional forces in the lateral load 
bearings due to higher mode response are not considered.  For the 9-story SC-CBF the 
first mode lateral force at the roof level is 87 kips.  With a friction coefficient (μ) of 0.50 
in the lateral load bearings this means that the axial force demand on the column due to 
friction is not large, but is the majority of the total design force (69 kips).  The second 
mode design lateral force at the roof level is 350 kips.  During the time-history analysis, 
when a significant second mode response occurs, the 9
th
 story column axial design force 
is exceeded due to the large friction force in the lateral load bearing at the 9
th
 floor.  This 
significant difference between the first and second mode lateral force at the 9
th
 floor 
means that, for the design of the SC-CBF columns, where the SC-CBF design includes 
lateral load bearings with friction, consideration should be given to frictional forces 
caused by higher mode response.  This need to consider friction from higher mode 
response is especially important for the top story columns in SC-CBFs where the braces 
do not attach to the columns at the roof level (SC-CBFs with an odd number of stories 
and an x-bracing configuration).  This design issue is addressed further in Chapter 8. 
7.1.8 Effect of Restraint from Gravity Framing System on the Response of SC-CBFs 
Subjected to Design Basis Earthquake 
The #EO-GL-story archetype SC-CBFs are similar to conventional CBFs in that the 
gravity framing attaches directly to the SC-CBF columns.  When rocking of the SC-CBF 
occurs and the SC-CBF column uplifts, the floor diaphragm and gravity framing attached 
to the SC-CBF column also uplifts and deforms.  There is currently very little 
understanding of how the restraint of the gravity framing system affects the seismic 
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performance of the SC-CBF.  A study was done to examine the effect of restraint on the 
SC-CBF due to the moment capacity of the gravity connections of the primary gravity 
beams.  The results of this study are reported here. 
A possible layout of the gravity framing around an SC-CBF for the archetype structures 
studied in this research is shown in Figure 7.134.  There are two primary gravity beams 
that attach to each SC-CBF column at each floor.  To evaluate the effect of the restraint 
from the moment capacity of the primary gravity beam connections, it is necessary to 
design the primary gravity beams.  Using ASCE 7-10 (ASCE 2010) and the 13
th
 Edition 
of the AISC Steel Construction Manual (AISC 2005c), the size of the primary gravity 
beams framing into the #EO-GL-story SC-CBF column was determined to be W18x35.  
Each W18x35 is assumed to be fully composite with 4 in of 3 ksi compressive strength 
concrete on 1.5 in “B” deck.  The shear tab connection for the primary gravity beams was 
determined to be four 7/8 in diameter A325 bolts at 3 in on center with the threads 
excluded from the shear plane.  The shear tab is assumed to be thick enough that the full 
shear capacity of the bolt can be developed.  A schematic of the shear tab connection at 
the ends of the primary gravity beams is shown in Figure 7.135.   
Although the shear tab connection is intended to transfer only shear from the gravity 
beam to the column, it will have some moment capacity.  Liu and Astaneh-Asl (2004) 
give recommendations for estimating the moment capacity of gravity beam connections.  
Using the Liu and Astaneh-Asl (2004) recommendations, the positive moment capacity 
for the gravity connection was estimated to be 728 kip-in and the negative moment 
capacity was estimated to be 244 kip-in.  If the shear tab at both ends of the primary 
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gravity beams provides the full moment capacity simultaneously, then the maximum 
shear force developed as a result (see Figure 7.136) is the positive moment capacity plus 
the negative moment capacity divided by the length of the gravity beam.  The maximum 
restraint force, equal to the maximum shear force for each gravity beam, is calculated to 
be 2.7 kips.  Since two primary gravity beams frame into each SC-CBF column, the 
maximum restraint force on the SC-CBF column (acting in the downward direction) is 
5.4 kips.  In comparison, the dead load applied to each SC-CBF column in the time-
history analyses of the #EO-GL-story SC-CBFs ranges from 28.5 kips to 41.5 kips. 
The restraint force from the primary gravity beams on the SC-CBF columns at each floor 
is not large, but to understand what affect this restraint might have on the response of SC-
CBFs, the 9EO-GL-story archetype SC-CBF was analyzed with varying amounts of 
gravity load on the SC-CBF columns.  The varying gravity load on the SC-CBF columns 
is used to approximate the restraint force from the primary gravity beams.  The amount of 
gravity load was varied by reducing or increasing the live load.  Three cases of gravity 
load on the SC-CBF columns were studied.  The first case had 0% of the design live load, 
the second case had 25% of the design load, and the third case had 100% of the design 
live load.  The 25% live load is the amount of live load that is included in the previous 
time-history analyses of SC-CBFs.  The total gravity load applied to each SC-CBF 
column at each floor during the analyses is summarized in Table 7.19. 
Figures 7.137 through 7.144 show data from time-history analyses comparing the 
response of the 9EO-GL archetype SC-CBF with the normal amount of live load (25%) 
in the time-history analyses with two other cases (0% and 100% live load).  Figure 7.137 
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shows θr,Peak, Figure 7.138 shows PTNorm, Figure 7.139 shows the modal overturning 
moment, Figure 7.140 shows OMMR,n, Figure 7.141 shows OMMY,n, Figure 7.142 shows 
OMNorm, Figure 7.143 shows the peak base overturning moment normalized by the yield 
overturning moment calculated considering the change in the amount of live load, and 
Figure 7.144 shows the peak  n.  All of the response quantities in Figures 7.137 through 
7.142 and 7.144 are calculated as described previously in this chapter.   
The results of the time-history analyses show that there is very little difference between 
the cases with different amounts of live load for θr,Peak, PTNorm, and the peak  n.  There 
are some differences in the modal overturning moments, OMMR,n, OMMY,n, and OMNorm, 
but these difference are due to differing amounts of gravity load on the SC-CBF columns.  
The difference in the modal overturning moment for the cases studied is not significant.   
The median peak connection rotation for the primary gravity beam connections to the 
SC-CBF columns was estimated by adding the story drift and normalized uplift (SC-CBF 
column uplift/SC-CBF width) together at each story.  The median peak connection 
rotation from the time-history analyses were between 2.8 to 2.9% radians for all three 
cases (0%, 25%, 100% live load) studied.  This is much less than the rotational 
connection capacities for the gravity connections tested by Liu and Astaneh-Asl (2004). 
The change in the amount of gravity load on the SC-CBF columns does not have a 
significant effect on the seismic response of the 9EO-GL-story SC-CBF.  Therefore, it is 
not expected that the restraint caused by the moment capacity of the shear tabs 
connecting the primary gravity beams to the SC-CBF columns will significantly affect 
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the response of #EO-GL-story SC-CBFs.  However, the study presented here is limited 
and does not take into account other behavior such as plate bending of the floor 
diaphragm, which may impose significant restraint on the SC-CBF columns.  The effect 
of bending of the floor diaphragm and other restraint on the response of SC-CBFs is left 
to future research. 
7.1.9 Possible Collapse Mode of SC-CBFs and Discussion of Data Exclusions 
At several points in this chapter it was mentioned that for the 12E and 15E-story 
archetype SC-CBFs that some of the results of the time-history analyses were excluded 
from the data.  The time-history data that was excluded are the response of the 12E-story 
SC-CBF to the TCU051E ground motion from the 1999 Chi-Chi, Taiwan earthquake and 
the response of the 15E-story SC-CBF to ground motions TCU051E and TCU051N from 
the 1999 Chi-Chi, Taiwan earthquake.  These ground motions were excluded from the 
data plots and statistics because they caused global collapse of the archetype SC-CBF.  
Global collapse of the SC-CBF happened because there was large drift demand on the 
SC-CBFs, which caused significant yielding of the PT steel.  After the PT steel had 
yielded and the SC-CBF was in a displaced state, the inertial forces on the SC-CBF do 
not reverse sufficiently to dynamically reduce the drift of the SC-CBF.  Global second 
order (P-Δ) effects cause a continuing increase in the drift demand on the SC-CBF.  This 
global collapse behavior is shown in Figure 7.145, which is a plot of the roof drift time-
history for the 12E-story SC-CBF subjected to the TCU051E ground motion record from 
the 1999 Chi-Chi, Taiwan earthquake. 
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The global collapse mode of the SC-CBFs does not happen often.  For all the archetype 
SC-CBFs and the various ground motions sets used in the time-history analyses, global 
collapse only happened in three cases.  The global collapse mode can be prevented by 
providing additional stiffness to the SC-CBF system after yield of the PT steel to 
counteract the global second order effects.  A relatively simple way to increase the post-
PT yield stiffness is to place anchor rods at the SC-CBF column bases that engage after a 
certain drift (column uplift) level is reached.  The anchor rods at the base would change 
the dynamic behavior of the SC-CBF at large drift amplitudes, but would not likely have 
any effect on the dynamic behavior of most SC-CBF designs under the DBE.  
7.2 Summary 
Eighteen archetype SC-CBFs were designed according to a slightly modified design 
procedure from Roke et al. (2010) with various heights and energy dissipation 
characteristics.  The archetype SC-CBF designs are summarized in Chapter 4.  The 
seismic response of these designs was studied using nonlinear numerical simulation 
models and various sets of ground motions.  The results of the time-history analyses were 
discussed in this chapter. 
Response quantities that were studied include: drift demands on the SC-CBF, the PT bar 
force demands, the modal overturning moments, the modal peak effective pseudo-
accelerations, the member force demands, and floor acceleration response spectra.  
Additionally, a comparison of the the effect of energy dissipation mechanism (lateral load 
bearings and/or supplemental energy dissipation devices) on the time-history response 
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was studied, as well as the effect of restraint of the primary gravity beam connections on 
the #EO-GL-story SC-CBFs. 
7.2.1 Trends in Behavior of SC-CBFs Subjected to Design Basis Earthquake 
Several trends in the time-history behavior of the archetype SC-CBFs subjected to sets of 
ground motions were noted.  These trends include the following. 
 For the ground motion sets selected to match the target hazard established at TA = 
T1 of the archtype SC-CBF structure, the drift demand (θr,Peak, θs,Peak) was less 
than the drift demand for ground motion Set I, which was selected to represent the 
design spectrum over a broad period range. 
 For the 4-story and 4EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I, Cξ•θDBE,fdd significantly under-estimated the median θr,Peak. 
 For the taller SC-CBFs subjected to ground motion Set I, as the height increases 
Cξ•θDBE,fdd increasingly over-estimates the median θr,Peak. 
 As the height of the SC-CBF increases, there is generally a larger difference 
between the median θr,Peak and median θs,Peak. 
 A second order polynomial is a reasonable approximation to estimate the ratio of 
the median θs,Peak to median θr,Peak versus height or aspect ratio of the SC-CBF. 
 For all archetype SC-CBFs, θr,Res is generally negligible. 
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 As the SC-CBF height increases, the difference between rPT and the median 
PTNorm generally decreases. 
 As the SC-CBF height increases, the median OMMR,1 generally decreases, but it 
does not decrease with increasing height as fast as estimated by the design 
calculations. 
 As the SC-CBF height increases, the median OMMR,2 generally increases, but it 
does not increase with increasing height as fast as estimated by the design 
calculations. 
 For the archetype SC-CBFs without lateral load bearings with friction, the 
dispersion in OMNorm is less than for the archetype SC-CBFs with lateral load 
bearings with friction. 
 For the archetype SC-CBFs subjected to ground motion Set I, the 5% POE  1 is 
generally significantly greater than estimated by γ1• Y,1. 
 For the archetype SC-CBFs subjected to ground motion Set I, the 5% POE  n for 
higher modes (higher than the 1
st
 mode) is generally significantly less than 
estimated by γn∙SADS,n. 
 For the SC-CBFs studied, the largest UColumn,TH generally occurs near the middle 
stories. 
 For the archetype SC-CBFs, many of the columns are under-designed and in some 
cases significantly under-designed. 
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 For archetype SC-CBFs with an odd number of stories and lateral load bearings 
with friction, the top story columns are significantly under-designed.  This 
appears to be due to the increased friction force in the lateral load bearing due to 
higher mode response. 
 For the SC-CBFs studied, the largest UBrace,TH generally occurs at about 2/3 of the 
height of the SC-CBF. 
 For the SC-CBFs studied, many of the braces in the stories at about 2/3 of the 
height of the SC-CBF are under-designed. 
 As the SC-CBF height increases, UDistStrut,TH generally decreases, but in all cases 
the design axial force for the distribution strut was adequate. 
 As the SC-CBF height increases, UBaseStrut,TH generally decreases.  The base struts 
were generally significantly over-designed. 
 For the SC-CBFs studied, the floor acceleration response spectra have distict 
peaks near the second mode period of the structure.  
 The floor spectral accelerations for SC-CBFs are generally lower near the first 
mode period than for conventional CBFs. 
 For the 9-story conventional CBF, the nonlinear response as shear type 
mechanism appears to reduce the floor spectral accelerations in the short period 
range (less than 0.6 seconds) relative to the 9-story SC-CBF, which responds 
nonliearly as a flexural type mechanism. 
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 For the archetype SC-CBFs with lateral load bearings with friction, the friction 
seems to increase the dispersion in OMNorm. 
 For the #EO-GL-story archetype SC-CBFs, the effect of vertical restraint due to 
the shear tab connections for the primary gravity beams attached to the SC-CBF 
columns does not seem to be significant.   
 For the #EO-GL-story archetype SC-CBFs, future research is needed to 
understand the effect of restraint on the SC-CBF from bending of the floor slab 
and other sources. 
7.2.2 Issues with Roke et al. (2010) Design Procedure for SC-CBFs 
One purpose of this research is to better understand the behavior of SC-CBFs with 
various heights.  A second purpose is to evaluate the effectiveness of the Roke et al. 
(2010) first generation design procedure calculations in estimating peak member forces 
and peak deformation demands for SC-CBFs.  Several issues with the Roke et al. (2010) 
first generation design procedure and the SC-CBF system in general are listed here.  
Some of these issues are examined further in Chapter 8 and Chapter 9.   
Some of the issues with Roke et al. (2010) first generation design procedure are as 
follows. 
1. The median θr,Peak  for the 4-story and 4EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I is significantly under-estimated. 
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2. The median θr,Peak for taller SC-CBFs (greater than 9 stories) in almost all cases is 
over-estimated and in some cases significantly over-estimated. 
3. The median θs,Peak for the archetype SC-CBFs is greater than the median θr,Peak.  
The Roke et al. (2010) first generation design procedure does not address story 
drifts. 
4. The Roke et al. (2010) first generation design procedure assumes that the 
overturning moment is largely a first mode response, but data indicates that as the 
height of the SC-CBF increases this is not a good assumption. 
5. The Roke et al. (2010) first generation design procedure under-estimates many of 
the column axial force demands. 
6. The Roke et al. (2010) first generation design procedure under-estimates many of 
the brace axial force demands. 
7. The Roke et al. (2010) first generation design procedure over-estimates the base 
strut axial force demand. 
8. The Roke et al. (2010) first generation design procedure does not take into 
account the friction forces in the lateral load bearings that develop from higher 
mode response when determining the SC-CBF member force design demands. 
9. There is a substantial difference in OMNorm between SC-CBFs with and without 
lateral load bearings with friction. 
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10. The γn factors used by Roke et al. (2010) to amplify SADS,n for all modes need to 
be revisited.  Currently the Roke et al. (2010) first generation design procedure 
appears to under-estimate γ1 (for the first mode) and over-estimate γn for the 
higher modes.  
11. There appears to be a possible (but rare) collapse mode of global overturning 
caused by global second order effects due to a lack of adequate post-yield PT steel 
stiffness.  This is not currently addressed in the Roke et al. (2010) first generation 
design procedure. 
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Table 7.1 – Modal properties for 4-story archetype SC-CBF from nonlinear numerical 
simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.59 1.37 6.91 0.88 
2 0.19 -0.46 0.87 0.11 
3 0.098 0.10 0.045 0.0058 
4 0.065 -0.032 0.0042 0.00054 
 
Table 7.2 – Modal properties for first four modes of 6-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.93 1.45 9.40 0.77 
2 0.27 -0.62 2.52 0.21 
3 0.14 0.23 0.19 0.015 
4 0.10 -0.11 0.062 0.0051 
 
Table 7.3 – Modal properties for first four modes of 9-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.40 1.50 13.1 0.70 
2 0.35 -0.73 4.48 0.24 
3 0.19 -0.33 0.78 0.041 
4 0.13 0.17 0.31 0.017 
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Table 7.4 – Modal properties for first four modes of 12-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.87 1.52 16.8 0.66 
2 0.43 -0.78 6.23 0.24 
3 0.22 0.40 1.50 0.059 
4 0.15 -0.25 0.61 0.024 
 
Table 7.5 – Modal properties for first four modes of 15-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.54 1.53 21.4 0.66 
2 0.52 -0.80 7.14 0.22 
3 0.26 0.42 2.05 0.063 
4 0.17 -0.26 0.99 0.031 
 
Table 7.6 – Modal properties for first four modes of 18-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 3.88 1.55 24.9 0.63 
2 0.67 -0.82 9.09 0.23 
3 0.30 0.44 2.69 0.068 
4 0.19 -0.30 1.53 0.039 
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Table 7.7 – Modal properties for first four modes of 6E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.02 1.46 9.35 0.77 
2 0.29 -0.62 2.55 0.21 
3 0.15 0.22 0.19 0.016 
4 0.11 -0.098 0.057 0.0047 
 
Table 7.8 – Modal properties for first four modes of 9E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.56 1.52 13.0 0.69 
2 0.39 -0.77 4.52 0.24 
3 0.20 0.36 0.83 0.044 
4 0.14 0.18 0.30 0.016 
 
Table 7.9 – Modal properties for first four modes of 12E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.14 1.54 16.8 0.66 
2 0.47 -0.83 6.06 0.24 
3 0.24 0.43 1.52 0.060 
4 0.16 -0.25 0.68 0.027 
 
 
445 
 
Table 7.10 – Modal properties for first four modes of 15E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.65 1.54 20.9 0.65 
2 0.55 -0.84 7.21 0.22 
3 0.28 0.46 2.12 0.066 
4 0.18 -0.29 1.04 0.032 
 
Table 7.11 – Modal properties for first four modes of 18E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 3.55 1.54 25.1 0.64 
2 0.67 -0.81 8.96 0.23 
3 0.34 0.44 2.82 0.072 
4 0.21 -0.28 1.41 0.036 
 
Table 7.12 – Modal properties for first four modes of 9EO-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.54 1.52 13.0 0.69 
2 0.38 -0.77 4.42 0.24 
3 0.20 -0.36 0.90 0.048 
4 0.13 0.18 0.29 0.016 
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Table 7.13 – Modal properties for 4EO-GL-story archetype SC-CBF from nonlinear 
numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.62 1.38 6.98 0.89 
2 0.21 -0.47 0.79 0.10 
3 0.11 0.094 0.038 0.0049 
4 0.074 -0.041 0.0063 0.00080 
 
Table 7.14 – Modal properties for first four modes of 6EO-GL-story archetype SC-CBF 
from time-history model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 0.98 1.47 9.57 0.79 
2 0.30 -0.62 2.38 0.20 
3 0.15 0.20 0.17 0.014 
4 0.11 -0.077 0.036 0.0030 
 
Table 7.15 – Modal properties for first four modes of 9EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.46 1.51 13.3 0.71 
2 0.37 -0.75 4.45 0.24 
3 0.20 0.33 0.68 0.036 
4 0.13 0.15 0.22 0.012 
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Table 7.16 – Modal properties for first four modes of 12EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 1.92 1.52 17.2 0.67 
2 0.44 -0.82 5.82 0.23 
3 0.24 0.44 1.48 0.058 
4 0.16 -0.25 0.60 0.024 
 
Table 7.17 – Modal properties for first four modes of 15EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 2.35 1.53 21.0 0.65 
2 0.52 -0.88 7.12 0.22 
3 0.27 0.47 2.24 0.070 
4 0.18 -0.30 0.94 0.029 
 
Table 7.18 – Modal properties for first four modes of 18EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip•sec2/in) Mn
*
/Mtotal 
1 3.04 1.54 25.5 0.65 
2 0.62 -0.85 8.39 0.21 
3 0.31 0.50 2.53 0.065 
4 0.20 -0.30 1.44 0.037 
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Table 7.19 – Total gravity load applied to SC-CBF column at each floor during analysis 
of 9EO-GL-story archtype SC-CBF 
 
Amount of Live Load 
Total Force 
Applied to SC-CBF 
Column at 1
st
 Floor 
(kips) 
Total Force 
Applied to SC-CBF 
Column at Middle 
Floor (kips) 
Total Force 
Applied to SC-CBF 
Column at Roof 
Level (kips) 
0% (Dead Load Only) 41.5 41.2 28.5 
25% (Typical) 48.8 48.5 30.7 
100% 70.7 70.5 37.5 
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Figure 7.1 – Peak roof drift demand (θr,Peak) for the 4, 6, 9, 12, 15, and 18-story archetype 
SC-CBFs subjected to ground motion sets A, B, C, D, E, and F, respectively 
 
 
Figure 7.2 – Peak roof drift demand (θr,Peak) for the 4, 6, 9, 12, 15, and 18-story archetype 
SC-CBFs subjected to ground motion Set I 
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Figure 7.3 – Peak roof drift demand (θr,Peak) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.4 – Peak roof drift demand (θr,Peak) for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-
GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.5 – Peak story drift demand (θs,Peak) for the 4, 6, 9, 12, 15, and 18-story 
archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F respectively 
 
 
Figure 7.6 – Peak story drift demand (θs,Peak) for the 4, 6, 9, 12, 15, and 18-story 
archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.7 – Peak story drift demand (θs,Peak) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.8 – Peak story drift demand (θs,Peak) for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-
GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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(a)                                                                     (b) 
 
                                      (c)                                                                     (d) 
Figure 7.9 – Ratio of the median peak story drift (θs,Peak) to the median peak roof drift 
(θr,Peak) as the aspect ratio (a and b) and the roof height above the base (c and d) varies.  
Linear trend lines are shown in (a) and (c) while second order polynomial trend lines are 
shown in (b) and (d).  
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Figure 7.10 – Residual roof drift (θr,Res) for the 4, 6, 9, 12, 15, and 18-story archetype SC-
CBFs subjected to ground motion sets A, B, C, D, E, and F respectively 
 
 
Figure 7.11 – Residual roof drift (θr,Res) for the 4, 6, 9, 12, 15, and 18-story archetype SC-
CBFs subjected to ground motion Set I 
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Figure 7.12 – Residual roof drift (θr,Res) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.13 – Residual roof drift (θr,Res) for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 
15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.14 – Peak normalized PT bar force (PTNorm) for the 4, 6, 9, 12, 15, and 18-story 
archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F respectively 
 
 
Figure 7.15 – Peak normalized PT bar force (PTNorm) for the 4, 6, 9, 12, 15, and 18-story 
archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.16 – Peak normalized PT bar force (PTNorm) for the 6E, 9E, 12E, 15E, and 18E-
story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.17 – Peak normalized PT bar force (PTNorm) for the 4EO-GL, 6EO-Gl, 9EO-GL, 
12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 7.18 – Modal overturning moment ratio (OMMR,n) for the 4, 6, 9, 12, 15, and 18-
story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F 
respectively 
 
 
Figure 7.19 – Modal overturning moment ratio (OMMR,n) for the 4, 6, 9, 12, 15, and 18-
story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.20 – Modal overturning moment ratio (OMMR,n) for the 6E, 9E, 12E, 15E, and 
18E-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.21 – Modal overturning moment ratio (OMMR,n) for the 4EO-GL, 6EO-GL, 9EO-
GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 7.22 – Normalized peak base modal overturning moment ratio (OMMY,n) for the 4, 
6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, 
E, and F respectively 
 
 
Figure 7.23 – Normalized peak base overturning moment (OMNorm) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F 
respectively 
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Figure 7.24 – Normalized peak base modal overturning moment ratio (OMMY,n) for the 4, 
6, 9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.25 – Normalized peak base overturning moment (OMNorm) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.26 – Normalized peak base modal overturning moment ratio (OMMY,n) for the 
6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.27 – Normalized peak base overturning moment (OMNorm) for the 6E, 9E, 12E, 
15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.28– Normalized peak base modal overturning moment ratio (OMMY,n) for the 
4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-
CBFs subjected to ground motion Set I 
 
 
Figure 7.29 – Normalized peak base overturning moment (OMNorm) for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
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Figure 7.30 – Peak modal effective pseudo-acceleration ( n) for the 4, 6, 9, 12, 15, and 
18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F 
respectively 
 
 
Figure 7.31 – Reduced plot of peak modal effective pseudo-acceleration ( n) for the 4, 6, 
9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, 
E, and F respectively 
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Figure 7.32 – Peak modal effective pseudo-acceleration ( n) for the 4, 6, 9, 12, 15, and 
18-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.33 – Reduced plot of peak modal effective pseudo-acceleration ( n) for the 4, 6, 
9, 12, 15, and 18-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.34 – Peak modal effective pseudo-acceleration ( n) for the 6E, 9E, 12E, 15E, 
and 18E-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.35 – Reduced plot of peak modal effective pseudo-acceleration ( n) for the 6E, 
9E, 12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.36 – Peak modal effective pseudo-acceleration ( n) for the 4EO-GL, 6EO-GL, 
9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to 
ground motion Set I 
 
Figure 7.37 – Reduced plot of modal effective pseudo-acceleration ( n) for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
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Figure 7.38 – Normalized column axial utilization (UColumn,TH) of 4-story archetype SC-
CBF subjected to ground motion Set A 
 
 
Figure 7.39 – Normalized column axial utilization (UColumn,TH) of 6-story archetype SC-
CBF subjected to ground motion Set B 
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Figure 7.40 – Normalized column axial utilization (UColumn,TH) of 9-story archetype SC-
CBF subjected to ground motion Set C 
 
 
Figure 7.41 – Normalized column axial utilization (UColumn,TH) of 12-story archetype SC-
CBF subjected to ground motion Set D 
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Figure 7.42 – Normalized column axial utilization (UColumn,TH) of 15-story archetype SC-
CBF subjected to ground motion Set E 
 
 
Figure 7.43 – Normalized column axial utilization (UColumn,TH) of 18-story archetype SC-
CBF subjected to ground motion Set F 
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Figure 7.44 – Normalized column axial utilization (UColumn,TH) of 4-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.45 – Normalized column axial utilization (UColumn,TH) of 6-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.46 – Normalized column axial utilization (UColumn,TH) of 9-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.47 – Normalized column axial utilization (UColumn,TH) of 12-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.48 – Normalized column axial utilization (UColumn,TH) of 15-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.49 – Normalized column axial utilization (UColumn,TH) of 18-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.50 – Normalized column axial utilization (UColumn,TH) of 6E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.51 – Normalized column axial utilization (UColumn,TH) of 9E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.52 – Normalized column axial utilization (UColumn,TH) of 12E-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.53 – Normalized column axial utilization (UColumn,TH) of 15E-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.54 – Normalized column axial utilization (UColumn,TH) of 18E-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.55 – Normalized column axial utilization (UColumn,TH) of 4EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 7.56 – Normalized column axial utilization (UColumn,TH) of 6EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 7.57 – Normalized column axial utilization (UColumn,TH) of 9EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 7.58 – Normalized column axial utilization (UColumn,TH) of 12EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 7.59 – Normalized column axial utilization (UColumn,TH) of 15EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 7.60 – Normalized column axial utilization (UColumn,TH) of 18EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 7.61 – Normalized brace axial utilization (UBrace,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set A 
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Figure 7.62 – Normalized brace axial utilization (UBrace,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set B 
 
 
Figure 7.63 – Normalized brace axial utilization (UBrace,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set C 
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Figure 7.64 – Normalized brace axial utilization (UBrace,TH) of 12-story archetype SC-CBF 
subjected to ground motion Set D 
 
 
Figure 7.65 – Normalized brace axial utilization (UBrace,TH) of 15-story archetype SC-CBF 
subjected to ground motion Set E 
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Figure 7.66 – Normalized brace axial utilization (UBrace,TH) of 18-story archetype SC-CBF 
subjected to ground motion Set F 
 
 
Figure 7.67 – Normalized brace axial utilization (UBrace,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 7.68 – Normalized brace axial utilization (UBrace,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.69 – Normalized brace axial utilization (UBrace,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 7.70 – Normalized brace axial utilization (UBrace,TH) of 12-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.71 – Normalized brace axial utilization (UBrace,TH) of 15-story archetype SC-CBF 
subjected to ground motion Set I 
485 
 
 
Figure 7.72 – Normalized brace axial utilization (UBrace,TH) of 18-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.73 – Normalized brace axial utilization (UBrace,TH) of 6E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.74 – Normalized brace axial utilization (UBrace,TH) of 9E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.75 – Normalized brace axial utilization (UBrace,TH) of 12E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.76 – Normalized brace axial utilization (UBrace,TH) of 15E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.77 – Normalized brace axial utilization (UBrace,TH) of 18E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.78 – Normalized brace axial utilization (UBrace,TH) of 4EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.79 – Normalized brace axial utilization (UBrace,TH) of 6EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.80 – Normalized brace axial utilization (UBrace,TH) of 9EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.81 – Normalized brace axial utilization (UBrace,TH) of 12EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.82 – Normalized brace axial utilization (UBrace,TH) of 15EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.83 – Normalized brace axial utilization (UBrace,TH) of 18EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.84 – Normalized beam axial utilization (UBeam,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set A 
 
 
Figure 7.85– Normalized beam axial utilization (UBeam,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set B 
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Figure 7.86 – Normalized beam axial utilization (UBeam,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set C 
 
 
Figure 7.87 – Normalized beam axial utilization (UBeam,TH) of 12-story archetype SC-CBF 
subjected to ground motion Set D 
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Figure 7.88 – Normalized beam axial utilization (UBeam,TH) of 15-story archetype SC-CBF 
subjected to ground motion Set E 
 
 
Figure 7.89 – Normalized beam axial utilization (UBeam,TH) of 18-story archetype SC-CBF 
subjected to ground motion Set F 
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Figure 7.90 – Normalized beam axial utilization (UBeam,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.91 – Normalized beam axial utilization (UBeam,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 7.92 – Normalized beam axial utilization (UBeam,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.93 – Normalized beam axial utilization (UBeam,TH) of 12-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 7.94 – Normalized beam axial utilization (UBeam,TH) of 15-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 7.95 – Normalized beam axial utilization (UBeam,TH) of 18-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 7.96 – Normalized beam axial utilization (UBeam,TH) of 6E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.97 – Normalized beam axial utilization (UBeam,TH) of 9E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.98 – Normalized beam axial utilization (UBeam,TH) of 12E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.99 – Normalized beam axial utilization (UBeam,TH) of 15E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 7.100 – Normalized beam axial utilization (UBeam,TH) of 18E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 7.101 – Normalized beam axial utilization (UBeam,TH) of 4EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.102 – Normalized beam axial utilization (UBeam,TH) of 6EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.103 – Normalized beam axial utilization (UBeam,TH) of 9EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.104 – Normalized beam axial utilization (UBeam,TH) of 12EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.105 – Normalized beam axial utilization (UBeam,TH) of 15EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 7.106 – Normalized beam axial utilization (UBeam,TH) of 18EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 7.107 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 4, 6, 9, 
12, 15, and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, 
and F respectively 
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Figure 7.108 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 4, 6, 9, 
12, 15, and 18-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.109 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 6E, 9E, 
12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.110 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 4EO-
GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
 
 
Figure 7.111 – Normalized base strut axial utilization (UBaseStrut,TH) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion sets A, B, C, D, E, and F 
respectively 
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Figure 7.112 – Normalized base strut axial utilization (UBaseStrut,TH) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.113 – Normalized base strut axial utilization (UBaseStrut,TH) for the 6E, 9E, 12E, 
15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.114 – Normalized base strut axial utilization (UBaseStrut,TH) for the 4EO-GL, 6EO-
GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected 
to ground motion Set I 
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          (a) 
 
                                                                           (b) 
 
Figure 7.115 – Median plus one standard deviation floor spectral acceleration response 
for (a) 4-story SC-CBF; (b) 4-story CBF 
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        (a) 
 
                                                                          (b) 
 
Figure 7.116 – Median plus one standard deviation floor spectral acceleration response 
for (a) 9-story SC-CBF; (b) 9-story CBF 
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Figure 7.117 – Elastic floor spectral accelerations for 9-story CBF 
 
 
Figure 7.118 – Peak roof drift demand (θr,Peak) for the 9-story, 9E-story, 9EO-story, and 
9EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.119 – Residual roof drift (θr,Res) for the 9-story, 9E-story, 9EO-story, and 9EO-
GL-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.120 – Peak story drift demand (θs,Peak) for the 9-story, 9E-story, 9EO-story, and 
9EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.121 – Peak normalized PT bar force demand (PTNorm) for the 9-story, 9E-story, 
9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.122 – Modal overturning moment ratio (OMMR,n) for the 9-story, 9E-story, 9EO-
story, and 9EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 7.123 – Normalized peak base modal overturning moment ratio (OMMY,n) for the 
9-story, 9E-story, 9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
 
 
Figure 7.124 – Normalized peak base overturning moment (OMNorm) for the 9-story, 9E-
story, 9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground motion Set 
I 
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Figure 7.125 – Peak modal effective pseudo-acceleration ( n) for the 9-story, 9E-story, 
9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 7.126 – Reduced plot of peak modal effective pseudo-acceleration ( n) for the 9-
story, 9E-story, 9EO-story, and 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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(a)                                                                   (b) 
 
(c)                                                                    (d) 
Figure 7.127 – Normalized column axial utilization (UColumn,TH) for the (a) 9-story, (b) 
9E-story, (c) 9EO-story, and (d) 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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(a)                                                                   (b) 
 
(c)                                                                    (d) 
Figure 7.128 – Normalized brace axial utilization (UBrace,TH) for the (a) 9-story, (b) 9E-
story, (c) 9EO-story, and (d) 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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(a)                                                                   (b) 
 
(c)                                                                    (d) 
Figure 7.129 – Normalized beam axial utilization (UBeam,TH) for the (a) 9-story, (b) 9E-
story, (c) 9EO-story, and (d) 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 7.130 – Normalized distribution strut axial utilization (UDistStrut,TH) for the (a) 9-
story, (b) 9E-story, (c) 9EO-story, and (d) 9EO-GL-story archetype SC-CBFs subjected 
to ground motion Set I 
 
 
 
Figure 7.131 – Normalized base strut axial utilization (UBaseStrut,TH) for the (a) 9-story, (b) 
9E-story, (c) 9EO-story, and (d) 9EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 7.132 – Overturning moment versus roof drift response for 9E-story SC-CBF 
subjected to ground motion ILA013W from the 1999 Chi-Chi earthquake in ground 
motion Set I 
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Figure 7.133 – Overturning moment versus roof drift response for 9EO-story SC-CBF 
subjected to ground motion ILA013W from the 1999 Chi-Chi earthquake in ground 
motion Set I 
 
 
Figure 7.134 – Possible gravity framing layout near SC-CBFs in archetype SC-CBF 
building 
 
 
Figure 7.135 – Schematic of shear tab connection at end of primary gravity beams 
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Figure 7.136 – Calculation of restraining force from primary gravity beams on uplifting 
SC-CBF columns 
 
 
Figure 7.137 – Peak roof drift demand (θr,Peak) for the 9EO-GL-story archetype SC-CBF 
with varying amounts of live load on the SC-CBF columns subjected to ground motion 
Set I 
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Figure 7.138 – Peak normalized PT bar force demand (PTNorm) for the 9EO-GL-story 
archetype SC-CBF with varying amounts of live load on the SC-CBF columns subjected 
to ground motion Set I 
 
 
Figure 7.139 – Modal overturning moment for the 9EO-GL-story archetype SC-CBF with 
varying amounts of live load on the SC-CBF columns subjected to ground motion Set I 
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Figure 7.140 – Modal overturning moment ratio (OMMR,n) for the 9EO-GL-story 
archetype SC-CBF with varying amounts of live load on the SC-CBF columns subjected 
to ground motion Set I 
 
 
Figure 7.141 – Normalized peak base modal overturning moment ratio (OMMY,n) for the 
9EO-GL-story archetype SC-CBF with varying amounts of live load on the SC-CBF 
columns subjected to ground motion Set I 
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Figure 7.142 – Normalized peak base overturning moment (OMNorm) (normalized by 
design yield overturning moment) for the 9EO-GL-story archetype SC-CBF with varying 
amounts of live load on the SC-CBF columns subjected to ground motion Set I 
 
 
Figure 7.143 – Normalized peak base overturning moment (normalized by yield 
overturning moment considering change in live load) for the 9EO-GL-story archetype 
SC-CBF with varying amounts of live load on the SC-CBF columns subjected to ground 
motion Set I 
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Figure 7.144 – Peak modal effective pseudo-acceleration ( n) for the 9EO-GL-story 
archetype SC-CBF with varying amounts of live load on the SC-CBF columns subjected 
to ground motion Set I 
 
 
Figure 7.145 – Peak roof drift time-history for the 12E-story archetype SC-CBF 
subjected to the TCU051E ground motion record from the 1999 Chi-Chi, Taiwan 
earthquake 
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CHAPTER 8 
MEMBER FORCE DESIGN DEMANDS FOR SC-CBFS SUBJECTED TO 
DESIGN BASIS EARTHQUAKE 
As shown in Section 7.1.5, one of the main shortcomings of the Roke et al. (2010) first 
generation design procedure is that the method used to calculate the factored member 
force design demands (Fx,fdd) for SC-CBFs does not adequately estimate the peak member 
forces under the DBE over a range of SC-CBF building heights.  This chapter discusses 
shortcomings of the procedure used by Roke et al. (2010) for calculating Fx,fdd, discusses 
parameters that affect the calculation of Fx,fdd and the peak member forces that occur 
under the DBE, and then proposes and evaluates a new procedure for calculating Fx,fdd for 
SC-CBFs.   
8.1 Shortcomings of Roke et al. (2010) Procedure and Other Procedures for 
Estimating Member Force Demands for SC-CBFs Subjected to DBEs 
The method used to calculate Fx,fdd in the Roke et al. (2010) first generation design 
procedure was shown to be inadequate for estimating peak member forces demands under 
the DBE for SC-CBFs over a range of heights.  Often, the 5% probability of exceedance 
(POE) peak brace axial force demands were under-estimated in stories near 50% to 67% 
of the height of the SC-CBF and over-estimated in other stories.  Peak column axial force 
demands in some stories were also significantly under-estimated.   
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The Roke et al. (2010) first generation procedure (see Chapter 3) for estimating Fx,fdd uses 
a modified RSA procedure.  To perform a conventional RSA procedure, the earthquake 
lateral force vector ({s}) of the structure is separated into its modal components ({sn}) 
and a static analysis of the structure is performed for each {sn}.  A result of interest from 
the static analysis (e.g., a brace force), for each mode, n, is called the modal static 
response (rn
st
).  The modal static response is then multiplied by the design spectral 
acceleration at the modal period (SADS,n) to estimate the peak modal response (rn0).  The 
rn0 are then combined using a modal combination procedure, such as the square-root of 
the sum of the squares (SRSS) or the Der Kiureghian (1981) complete quadratic 
combination (CQC) procedure to determine the design demand, which is an estimate of 
the mean peak response (Chopra 2007). 
A conventional RSA procedure uses an elastic (unreduced) design spectrum (SADS), 
where the modal damping ratio for SADS is typically 5%.  Correction of SADS for modal 
damping other than 5% can be done using Cξ from Section 3.3.5, but this correction is not 
likely to be done in an engineering design office.  
Strictly speaking, the RSA procedure is valid only for elastic structures (Chopra 2007).  
Building code provisions (ASCE 7-05 (ASCE 2005), ASCE 7-10 (ASCE 2010)), 
however, allow the RSA procedure to be used with the design spectrum reduced by 
dividing by a reponse modification coefficient, R (i.e., SADS_Red = SADS/R). 
The Roke et al. (2010) first generation design procedure (see Chapter 3), targets a 
member force design demand which has a POE of 5% to 10% under the DBE.  To 
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achieve this small POE, the modal member force design demands (Fn,x,dd) are factored 
using modal load factors (γn)  to get the factored modal member force design demands 
(Fn,x,fdd) before they are combined using a modified version of the complete-quadratic 
combination (CQC) procedure.  It should be noted that the γn factors implicitly account 
for modal damping ratios other than 5% in design because Roke et al. (2010) determined 
the value for γn while studying data from time-history analyses of a nonlinear numerical 
simulation model with modal damping ranging from 3.7% to 6.4% in the first four 
modes. 
A modified CQC procedure was used because Roke et al. (2010) noted that the 
correlation between certain modal responses during rocking of SC-CBFs was, in some 
cases, greater than that predicted by the Der Kiureghian (1981) cross-modal correlation 
coefficients.  Roke et al. (2010) used 0.25 for the cross-modal correlation coefficients ρin 
in the correlation matrix (ρ).   
As noted in Chapter 7, Fx,fdd calculated by the Roke et al. (2010) procedure does not give 
an adequate estimate of peak (maximum of the absolute value) member force demands in 
some of the archetype SC-CBFs.  However, the under-estimate of the peak member force 
demands may be due to the modal combination procedure or to the modal load factors 
(γn).   
To understand the effect of the modal combination procedure, a study comparing the 
forces from the time-history analyses with unfactored (γn = 1.0) design demands (Fx,dd) 
was made.   Brace,TH,dd is the median of the peak brace axial force from time-history 
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analyses (over all ground motions in Set I) divided by the unfactored design demand 
Fx,dd, where Fx,dd is the modal combination of the unfactored (γn = 1.0) modal design 
demands (Fn,x,dd).  Fx,dd is not the design demand in the Roke et al. (2010) first generation 
design procedure, Fx,fdd (which includes γn ≠ 1.0), but is used here to calculate   Brace,TH,dd 
to show how well or poorly the modal combination procedure predicts the median peak 
brace axial force response.   
Figure 8.1 shows the results for   Brace,TH,dd.  To generate Figure 8.1, Fn,x,dd used to 
determine Fx,dd were combined in three different ways: (1) using the CQC procedure with 
ρin from Roke et al. (2010), denoted as the Roke-CQC procedure; (2) the CQC procedure 
with ρin from Der Kiureghian (1981) (the modal frequencies from a fixed base linear 
elastic analysis model and 5% modal damping were used in calculating ρin), denoted as 
Der Kiureghian-CQC procedure; and (3) using the SRSS procedure. The ρin values 
calculated per Der Kiureghian (1981) for 5% modal damping for the 9-story archetype 
SC-CBF are shown in Table 8.1.  For the first four stories,   Brace,TH,dd from the Roke-
CQC procedure is less than that from the SRSS or the Der Kiureghian-CQC procedures, 
which means the Roke-CQC procedure predicts larger Fx,dd.   Brace,TH,dd for stories 5 
through 9 from the Roke-CQC procedure is greater than that from the other procedures, 
which means the Roke-CQC procedure predicts smaller Fx,dd.  The Der Kiureghian-CQC 
procedure and the SRSS procedure give approximately the same results for all stories.  If 
the modal combination procedure is predicting accurately the median peak response, then 
  Brace,TH,dd should be around 1.0.  For most stories,   Brace,TH,dd is significantly greater or 
less than 1.0.   
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The data shown in Figure 8.1 is significant because the larger ρin values used in the Roke-
CQC procedure, compared to ρin from Der Kiureghian (1981), do not always give more 
conservative results.  The larger ρin values in the Roke-CQC procedure produce 
unconservative results in Figure 8.1 for the upper stories compared with the widely 
accepted SRSS and Der Kiureghian-CQC procedure.  The data in Figure 8.1 indicates 
that the modal combination procedure proposed by Roke et al. (2010) is not adequate for 
calculating Fx,dd.  Therefore, other modal combination procedures and parameters 
affecting the accuracy of Fx,fdd as an estimate of peak member force demands under the 
DBE were studied. 
Parameters that influence the calculation of the member force design demand (i.e, Fx,dd), 
which is an estimate of the peak member force demands for SC-CBFs under the DBE, 
include: (1) the sign of the modal response (if retained), (2) the cross-modal correlation 
coefficients (ρin) used in the modal combination procedure, and (3) the magnitude of the 
modal response.  A study of each of these parameters is described further in the next 
section. 
8.2 Parameters Influencing Member Force Design Demands for SC-CBFs 
8.2.1 Importance of Sign of Modal Response in Calculating the Member Force Design 
Demands 
When the RSA procedure is carried out, {s} is decomposed into modal components {sn}.  
A static analysis of the structure under {sn} is then performed.  The static response of the 
structure (rn
st
) to {sn} is then multiplied by SADS,n to obtain an estimate of the peak modal 
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response (rn0).  Up to this point in the RSA procedure the sign of the modal response (rn
st
) 
is retained; since SADS,n is by definition always positive, there is no change to the sign of 
the modal response quantity.  The importance of the sign of the modal response in 
estimating the peak member force demands is discussed in this section.   
Figure 8.2 compares the median peak story shear (Vx,peak) for the 9-story archetype SC-
CBF subjected to ground motion Set I with results from four different methods used to 
estimate the median Vx,peak for design purposes.  The four different design demands use 
the unfactored modal story shears (Vn,x,dd = Vn,x∙SADS,n without γn factors), which are then 
combined using (1) the Roke-CQC procedure, (2) the Roke et al. (2010) ρin values and 
CQC procedure modified to use the absolute value of the modal response, (3) the SRSS 
procedure, and (4) the Der Kiureghian-CQC procedure.   
As shown in Figure 8.2, the SRSS procedure and the Der Kiureghian-CQC procedure 
gave similar results, indicating that off-diagonal ρin terms calculated per Der Kiureghian 
(1981) are small for the modes that contribute significantly to the response.  For stories 2 
through 4, all four modal combination procedures over-estimate the median Vx,peak.  For 
stories 5 through 9, the Roke-CQC procedure under-estimates the median Vx,peak by 29% 
to 78%.  The SRSS procedure under-estimates the median Vx,peak in stories 5 through 9 by 
15% to 54%.  When the absolute value of the modal response is used with the Roke et al. 
(2010) ρin values, the best estimate of the median Vx,peak in stories 5 through 9 is achieved, 
although the estimate is still as much as 22% too low.   
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Figure 8.2 indicates that, when the values for ρin are small for the modes contributing 
significantly to the response, the combined modal result using Der Kiureghian-CQC 
procedure is similar to the result from the SRSS procedure.  Figure 8.2 also indicates that 
when the values for ρin are significant, as for the Roke et al. (2010) procedure, the sign of 
the modal response can have a significant influence on the combined result.  In the upper 
stories of the 9-story SC-CBF, when the sign of the modal response is retained, the 
design demand estimate of the median Vx,peak is more unconservative than the design 
demand estimate when the sign of the modal story shear response is eliminated.  The 
opposite trend is observed for the lower stories of the 9-story SC-CBF, where the design 
demand estimate when the sign of the modal response is eliminated is more conservative 
than the design demand estimate when the sign of the modal response is retained.   
Der Kiureghian (1981) states that the sign of the modal response should be retained when 
combining the modal responses using the CQC procedure.  However, Figure 8.2 shows 
that retaining the sign of the modal response can produce design demands that are more 
unconservative than when the sign of the modal response is dropped.  To better 
understand how the sign of the modal response affects the combined response, the sign 
and shape of the modal response for the first few modes and the cross-modal correlation 
coefficients in the CQC combination procedure were studied.  The sign of the modal 
response is discussed further in this section while the cross-modal correlation coefficients 
are discussed in the next section. 
Figure 8.3 shows Vn,x,dd for the first four modes of the 9-story SC-CBF.  The story shear 
in the lower stories is the largest in magnitude for the first two modes and has the same 
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sign.  In the upper stories the first mode (V1,x,dd) and second mode (V2,x,dd) are of opposite 
sign.  In the upper stories, the absolute value of the sum of V1,x,dd and V2,x,dd including the 
sign of the modal response, is significantly less than the sum of the absolute values of 
V1,x,dd and V2,x,dd.  As a result, the design demand estimate is far less than Vx,peak for the 
upper stories.  When the sign is dropped in calculating the design demand estimate, the 
result is closer to Vx,peak (see Figure 8.4), indicating negative correlation between the first 
and second mode at the time of Vx,peak for these stories.  Corralation between modal 
responses (e.g., Vn,x,dd) at the time of peak response (e.g., Vx,peak) and the methods for 
combining modal responses are discussed at length in the next section. 
8.2.2 Combination of Modal Responses and Cross-Modal Correlation 
In the RSA procedure, rn0 for each mode is combined using a modal combination 
procedure to estimate the mean peak response of the structure (Chopra 2007).  Possible 
modal combination procedures include: the sum of the absolute values of the modal 
response quantities (ABSSUM), the square root of the sum of the squares of the response 
quantities (SRSS), the Rosenblueth double sum combination procedure (denoted the 
Rosenblueth-DSC procedure), the Nuclear Regulatory Commission double sum 
combination (NRC-DSC) procedure, and the Der Kiureghian (1981) complete quadratic 
combination (CQC) procedure, (Chopra 2007, Morante and Wang 1999).  The SRSS and 
CQC modal combination procedures are two modal combination procedures allowed by 
the ASCE 7-10 (ASCE 2010) building code provision for seismic design of structures 
using the RSA procedure.   
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The SRSS modal combination procedure is considered to provide a reasonable estimate 
of the peak response for linear structures with well separated natural frequencies (Chopra 
2007).  The combined response calculated using the SRSS procedure is expressed as 
follows: 
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where, 
rn0 = the peak response of quantity r in mode n 
The mathematical representations for the Rosenblueth-DSC procedure, the NRC-DSC 
procedure, and the Der Kiureghian-CQC procedure are identical, except that for the 
NRC-DSC procedure the absolute values of the modal responses (ri0 and rn0) are used.  
The combined response for these three procedures is calculated as: 
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where, 
ri0 = the peak response of quantity r in mode i 
rn0 = the peak response of quantity r in mode n 
ρin =  cross-modal correlation coefficient between modes i and n 
534 
 
The ρin values for the Rosenblueth-DSC procedure and the Der Kiureghian-CQC 
procedure are different (Chopra 2007).  The NRC-DSC procedure uses the Rosenblueth 
correlation coefficients (Morante and Wang 1999).  When the damping ratio is the same 
for all modes and the duration of the strong phase of the earthquake excitation is very 
long, then the Rosenblueth correlation coefficients reduce to (Chopra 2007): 
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where, 
ζ = the modal damping ratio 
βin = ωi/ωn , where ωi and ωn are the natural frequencies of mode i and n 
respectively 
When the damping ratio is the same for all modes, the correlation coefficients derived by 
Der Kiureghian (1981) reduce to (Chopra 2007):  
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The possible range of values for the Rosenblueth and the Der Kiureghian correlation 
coefficients is 0 ≤ ρin ≤ 1.0.   
Der Kiureghian (1981) developed formulas for the values of ρin using random vibration 
theory.  The ρin values developed by Der Kiureghian (1981) relate the peak response in 
mode i with the peak response in mode n.  In the Der Kiureghian (1981) formulation is it 
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not possible for the correlation between mode i and mode n to be negative.  However, it 
is possible for the correlation between the peak modal responses to be negative.  Figure 
8.5 shows partial time-histories of the normalized modal effective pseudo-accelerations 
(  n(t))for the first three modes of the 9-story archtype SC-CBF subjected to the 
Morigawachi-090 ground motion from the 1995 Kobe, Japan earthquake (see ground 
motion Set I in Table 6.12).    n(t) is  n(t) divided by the peak value of  n(t) denoted as  n.  
The peak value of the   n(t) is therefore, 1.0.  The modal properties from the nonlinear 
numerical simulation model were used to calculate   n(t).   n (described in Section 7.1.4) 
is calculated from the restoring force vector for the SC-CBF using the mode shapes and 
mass matrix.   n is used to quantify the modal response of a nonlinear structure similar to 
the way the modal pseudo-acceleration, An(t), is used to quantify the response of a linear 
structure.   
In Figure 8.5,   1(t) is negative in sign from about 19.3 seconds to 20.1 seconds.  During 
this time   2(t) and   3(t) go through multiple half cycles of response, meaning that they 
alternate between positive and negative sign.  Since the modal static response for the 
story shear in the second mode (r2
st
) is of the same sign as the modal static response for 
the story shear in the first mode (r1
st
) in stories 1 through 5 (see Figure 8.3, which shows 
the sign of the story shear modal responses, rn0), then the peak story shear in the lower 
stories is likely to occur when   1(t) and   2(t) are of the same sign.  This fact is evident in 
Figure 8.5 at about 19.7 seconds, the approximate time of peak story shears in stories 2 
through 4, when   1(t) and   2(t) are of the same sign.  Conversely, the peak story shear in 
the upper stories is likely to occur when   1(t) and   2(t) are of the opposite sign, because 
536 
 
r1
st
 and r2
st
 are opposite in sign.  This fact is also evident in Figure 8.5.  At the time when 
  1(t) is at its peak value (around 19.9 seconds),   2(t) is of opposite sign from   1(t) and 
near its peak value.  This is the approximate time of the peak story shear in stories 5 
through 9.   
In Figure 8.5, at about 19.9 seconds where the peak story shear in stories 5 through 9 
occurs,   1(t) is -1.0 while   2(t) is at or near 1.0, indicating a tendency for large negative 
correlation.  However at the time of peak story shear for stories 2 through 4,   1(t) is about 
-0.5 while   2(t) is about -0.6, indicating a tendency for large positive correlation. 
This data shown in Figure 8.5 indicates that at the time of peak response the modal 
responses (ri0 and rn0) may either be positively or negatively correlated, depending on the 
location in the structure.  Neither the ρin values calculated using Der Kiureghian (1981), 
nor do the ρin values specified by Roke et al. (2010) allow for negative correlation 
between ri0 and rn0.  Additionally, the data in Figure 8.5 shows that ri0 and rn0 can be 
nearly fully correlated (either +1 or -1) at the time of peak response in the structure, 
which is not captured by either the Der Kiureghian (1981) or the Roke et al. (2010) 
values of ρin.  Finally, the data in Figure 8.5 shows that the magnitude of the correlation 
between ri0 and rn0 can vary depending on the location in the structure.  Because of these 
characterics of the modal response, one set of ρin values may not be adequate for 
combining Fx,dd to estimate the median peak member force response from time-history 
analyses at all locations over the height of the structure. 
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Figure 8.6 is the same as Figure 8.5, but the times of peak brace and peak column axial 
forces are indicated instead of the times of peak story shear.  The peak column axial force 
for stories 1 through 8 occurs at about 19.9 seconds.  The peak brace axial force for 
stories 5 through 9 also occurs at about 19.9 seconds, but the peak brace axial force for 
stories 1 through 4 occurs at about 19.7 seconds, which is not a time of peak   n(t) for 
modes 1 through 3.  Since the peak member force responses may occur at different times 
and not necessarily at the time of peak   n(t), the ρin values should be estimated using   n(t) 
data at the times of the peak member force responses and not necessarily at the times of 
significant rocking response (Roke et al. 2010), or at the times of peak   n(t). 
The correlation between   i(t) and   n(t) at the time of peak response (e.g., peak story 
shear, peak brace axial force) was calculated as follows.  The correlation between two 
random variables X and Y can be calculated as the ratio of the covariance of those 
variables, Cov(X,Y), to the product of the standard deviation of those variables, σX∙σY.  
The correlation, ρXY, is calculated as follows (Ang and Tang 2007): 
YX
XY
YXCov




),(
 (8.5) 
where, 
       YEXEXYEYXCov ,  (8.6) 
σX = standard deviation of X 
σY = standard deviation of Y 
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E[XY] = the expected value of the product XY 
E[X] = the expected value (mean) of X 
E[Y] = the expected value (mean) of Y 
To calculate the correlation between mode i and mode n (ρin),   n(t) was determined at the 
time of desired peak response for the archetype SC-CBF being studied.  Peak response 
data for each ground motion in Set I for the archetype SC-CBFs was used to calculate ρin.  
The calculation of ρin between   n(t) at the time of peak member force response was 
carried out for all possible pairs of modes to form a cross-modal correlation matrix (ρ).  
The ρin matrices calculated using   i(t) and   n(t) at the time of peak column force, peak 
brace force, Vx,peak, and peak story overturning moment for the 1
st
, 3
rd
, 6
th
, and 9
th
 story of 
the 9-story archetype SC-CBF subjected to ground motion Set I are shown in Tables 8.2 
through 8.5 for the time of peak column axial force, Tables 8.6 through 8.9 for the time 
of peak brace axial force, Tables 8.10 through 8.13 for the time of Vx,peak, and Tables 8.14 
through 8.17 for the time of peak story overturning moment in stories 1, 3, 6, and 9, 
respectively.   
The ρin values calculated at the time of peak column axial force (Tables 8.2 through 8.5) 
all show significant negative correlation between the first mode and second mode with 
ρ12 ranging from -0.67 to -0.98.  ρ13 (correlation between the first mode and the third 
mode) ranges from -0.04 to -0.24.  ρ23 (correlation between the second mode and third 
mode) varies in both sign and magnitude. 
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The ρin values calculated at the time of peak brace axial force (Tables 8.6 through 8.9) 
show a different trend than ρin for the columns.  ρ12 for the peak brace axial force is -0.10 
in the 1
st
 story.  ρ12 for the 3
rd
, 6
th
 and 9
th
 stories are all large and negative.  This trend is 
consistent with the story shear profiles for the first mode (V1,x,dd) and second mode 
(V2,x,dd) in Figure 8.3.  V1,x,dd is always positive and decreases in magnitude up the height 
of the structure.  V2,x,dd has a large positive value at the base of the structure, crosses over 
to a negative value near the mid-height, decreases to a large negative value about two-
thirds of the height of the structure and then moves back towards a positive value 
(although still negative in sign) at the top story.  Since at any point during the time-
history the sign of the first and second mode response can change, it makes sense that the 
peak brace force in the upper stories would likely occur when the first mode and second 
mode response have a negative correlation (positive first mode minus a negative second 
mode would give a larger total response).  The difference between ρ12 at the time of 1
st
 
story (-0.10) and 6
th
 story (-0.65) peak brace axial force indicates that one ρ value may 
not be sufficient in design calculations to estimate the peak member force demands in 
SC-CBFs. 
As is shown later in Section 8.2.3, there is a significant difference between the magnitude 
of SADS,n and the magnitude of the median peak effective pseudo acceleration (  n) for 
each mode.  This difference may contribute to the difference between Vx,dd and the 
median Vx,peak.  To remove this discrepency when comparing modal combination 
procedures, a set of unfactored modal story shears were calculated using the   n from the 
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time-history analyses (Vn,x,  ) instead of SADS,n (which results in Vn,x,dd).  The combined 
story shear unfactored design demand calculated using Vn,x,   is denoted as Vx,  . 
Figure 8.7 shows Vx,   calculated using ρin from the time of the Vx,peak in the 1
st
, 3
rd
, 6
th
, 
and 9
th
 stories.  Vx,   calculated using the ρin values from the 6
th
 and 9
th
 Vx,peak data gives 
better estimates of the median Vx,peak for the upper stories (6
th
 through 9
th
) than the Vx,   
calculated using ρin from Roke et al. (2010).  The agreement, however, is not good in 
some cases.  One reason for the difference between Vx,   and the median Vx,peak is an 
inconsistency between the modal properties of the linear elastic analysis model and the 
modal properties of the nonlinear numerical simulation model.  Vn,x,   is based on 
properties of the linear elastic analysis model, because it is desired to use a simple fixed-
base linear elastic analysis model for design.  However, when this inconsistency is 
removed by calculating Vn,x,   from the modal properties of the nonlinear numerical 
simulation model, the difference between Vx,   and the median Vx,peak reduces 
significantly for some stories as shown in Figure 8.8. 
Since one set of ρin is not adequate for calculating the design demands over the height of 
the SC-CBF, a modal combination procedure using two sets of ρin is proposed.  When 
determining the design demand using conventional RSA analysis, the modal responses 
are combined using a single modal combination rule (e.g., the CQC procedure).  Here a 
new combination rule is proposed, denoted as the 2CQC procedure, where the modal 
combination is carried out twice.  The maximum result of the two modal combinations is 
then taken as the estimate of the median peak response.  The 2CQC procedure for 
calculating the design demand is: 
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where, 
ri0 = the peak response of quantity r in mode i 
rn0 = the peak response of quantity r in mode n 
ρ1in = 1
st
 set of cross-modal correlation coefficients for modes i and n 
ρ2in = 2
nd
 set of cross-modal correlation coefficients for modes i and n 
Possible sets of cross-modal correlation coefficients for use in design include ρin from 
Roke et al. (2010), ρin corresponding to the SRSS procedure, ρin from Der Kiureghian 
(1981) for equal modal damping, and a new set of ρin, which are expressed as follows: 
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The Roke et al. (2010) ρin are expressed as follows: 
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The ρin that correspond to the SRSS procedure are expressed as follows: 
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Here two possible modal combination procedures using the 2CQC procedure are 
proposed.  These procedures are labeled the 2CQC-0 procedure and the 2CQC-25 
procedure.  The 2CQC-0 procedure uses ρ1in from Equation 8.8 and ρ2in from the SRSS 
cross-modal correlation coefficients from Equation 8.10.  The 2CQC-25 procedure uses 
ρ1in from Equation 8.8 and ρ2in from Equation 8.9.  These design demands calculated 
from the 2CQC-0 and 2CQC-25 procedure are compared with data from time-history 
analyses and the design demand calculated using three other modal combination 
procedures.   
The three other modal combination procedures that will be examined are the Roke et al. 
(2010) CQC procedure, the SRSS procedure and a procedure denoted as the NRC-CQC 
procedure.  The Roke et al. (2010) CQC procedure uses ρin from Equation 8.9 and was 
used for the design of the archetype SC-CBFs.  The NRC-CQC procedure is an 
adaptation of the NRC-DSC procedure, described earlier, which uses the mathematical 
formulation of the CQC procedure, but uses the Rosenblueth (Newmark and Rosenblueth 
1971) ρin and combines the absolute values of the modal responses (Morante and Wang 
1999).  Here, the NRC-CQC procedure uses the Der Kiureghian (1981) ρin based on equal 
modal damping (5%) instead of ρin from Rosenblueth (Newmark and Rosenblueth 1971). 
Figure 8.9 compares calculated Vx,   using the 2CQC-0, 2CQC-25, Roke et al. (2010) 
CQC, SRSS, and NRC-CQC procedures with the median Vx,peak for the 9-story archetype 
SC-CBF subjected to ground motion Set I.  In all cases the modal properties from the 
543 
 
linear elastic analysis model were used.  The NRC-CQC and SRSS procedures give very 
similar results for Vx,   for all stories, because the off-diagonal Der Kiureghian (1981) ρin 
are small for the first few modes, which contribute most of the response.  Vx,   calculated 
using the NRC-CQC, SRSS, and Roke et al. (2010) CQC procedures all significantly 
under-estimate the median Vx,peak for stories 6 and 7.  The 2CQC-0 procedure and 2CQC-
25 procedure give reasonable estimates of the median Vx,peak for stories 5 through 9.  In 
the lower stories the 2CQC-25 procedure is more conservative than the 2CQC-0 
procedure. 
This section showed the effect of modal correlation on the calculation of Vx,dd, which is 
an estimate of the median Vx,peak.  The correlation between   i(t) and   n(t) at the time of 
peak member force response was investigated and it was shown than ρin can be large, can 
be positive or negative, and varies for different peak member force responses.  A new 
modal combination procedure was proposed for calculating design demands to estimate 
the median peak member force response for SC-CBFs.  The performance objectives for 
SC-CBFs require, however, that the SC-CBF members have a small probability of 
damage to enable the immediate occupancy condition under the median DBE.  Therefore, 
it is necessary to estimate extreme values of the peak member force response for use as a 
factored design demand instead of the median response.  Estimating the extreme value 
response under the median DBE is discussed in the next section. 
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8.2.3 Estimating Peak Member Forces with a Small Probability of Exceedance 
Modal combination procedures such as the CQC, SRSS, or other procedures discussed in 
the previous section are intended to estimate the central value (mean or median) of the 
peak response of a structure to a set of ground motions (Chopra 2007).  The performance 
objectives for SC-CBFs include enabling an immediate occupancy condition for the 
structure under the median DBE.  To meet this performance objective, the member force 
design demand must be an estimate of the peak member force with a small probability of 
exceedance (POE).  Currently, there is not an RSA procedure available in the literature 
for estimating the peak member force response with a low POE.  However, since the 
median SAGM,n (or SADS,n) can be used with rn
st
 to estimate the median peak member force 
response under the DBE (as in a conventional RSA), then it is assumed that a value of 
SAGM,n with a small POE (or a factored value of SADS,n) can be used with rn
st
 to calculate a 
peak member force response under the DBE with a POE that is similarly small.  This 
approach is used by the Roke et al. (2010) design procedure where SADS,n is factored by a 
modal load factor, γn (greater than 1.0), to estimate an SAGM,n value with a small POE 
(5%).  The approach used in the Roke et al. (2010) design procedure is reasonable, but 
the studies of the archetype SC-CBFs in this research show that the γn proposed by Roke 
et al. (2010) should be reconsidered. 
Roke et al. (2010) proposed modal load factors of γ1 = 1.15 for the first mode and γn = 2.0 
for the higher modes, based on studies of 6 story SC-CBFs.  The study of archetype SC-
CBFs in this research is more extensive and SC-CBFs up to 18 stories are considered.  
The data from the present research (given in Chapter 7 and shown for the 9-story SC-
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CBF subjected to ground motion Set I in Figure 8.10) show that the 5% POE value for 
the peak value of  1(t) (for the first mode), denoted as  1, can be significantly greater than 
1.15∙aY,1 and the 5% POE value for the peak value of  n(t) (for the higher modes), 
denoted as  n, can be significantly less than 2.0∙SADS,n. 
To assess the median and 5% POE  n, several plots were made using  n data for the 
archetype SC-CBFs subjected to ground motion Set I.  Figure 8.11 shows the ratio of the 
median peak effective pseudo-acceleration (  n) to the unfactored design SA (SADS,n, 
where SADS,n is taken as aY,1 for mode 1, and is taken as SADS for all other modes) for the 
archetype SC-CBFs subjected to ground motion Set I.  The values for SADS,n 
corresponding to Tn from the linear elastic analysis model are used, since this model is 
intended to be used for estimating design demands.  The   n data used in Figure 8.11 
corresponds to the median of the  n data discussed and shown in Section 7.1.4.  The data 
for   n / SADS,n for mode 1 (i.e.,   1 / aY,1) in Figure 8.11 shows significant scatter.  The 
scatter for modes 2 through 4 is not as high.  The mean value of   n / SADS,n for modes 2 
through 4 ranges from 0.83 to 0.96, indicating that SADS,n is a good approximation for   n.  
The mean value for   1 /  Y,1 is 1.26, which means that  1 is not limited by rocking of the 
SC-CBF and yielding of the PT steel as expected.  Since the dispersion in   1 /  Y,1 is large 
and the mean value is significantly greater than 1.0,   1 /  Y,1 was studied further. 
Figure 8.12 plots   1 /  Y,1 versus SC-CBF height (hSC-CBF) for the archetype SC-CBFs 
subjected to ground motion Set I.  Figure 8.12 shows that   1 /  Y,1 generally increases 
with hSC-CBF up until about 150 to 160 ft and then decreases with increasing hSC-CBF.  
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Equation 8.11 was developed to provide an estimate of   1 /  Y,1, denoted as γ 1, as a 
function of hSC-CBF, where the units for hSC-CBF are ft. 
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Figure 8.12 shows that Equation 8.11 provides a reasonable estimate of   1 /  Y,1.  Figure 
8.11 shows that 1.0 is a good estimate of   n / SADS,n, denoted as γ n, for modes 2 through 4. 
To design SC-CBFs to meet the performance objective of an immediate occupancy 
condition after the DBE, an estimate of the 5% POE modal peak effective pseudo-
acceleration (  n) is needed.  See Section 3.3.2 for justification why a 5% POE value is 
used in design.  Figure 8.13 shows the ratio of   n /   n for the archetype SC-CBFs 
subjected to ground motion Set I.  The   n and   n data used in Figure 8.13 correspond to 
 n data discussed and shown in Section 7.1.4.  The mean value of   n /   n for modes 2 
through 4 is around 1.6.  Therefore, the ratio   n /   n, denoted as γ n, estimated for these 
modes is 1.6.  The dispersion for   1 /   1 is not as significant as for   1 /  Y,1. 
Figure 8.14 plots   1 /   1 as a function of hSC-CBF.  Although there seems to be little 
variation with height, Equation 8.12 was developed to provide an estimate of   1 /   1, 
denoted γ 1, as a function of hSC-CBF, where the units for hSC-CBF are ft. 
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Of particular interest for the design of SC-CBFs is the ratio   n / SADS,n, which is intended 
to be estimated by γn.  That is, γn∙SADS,n is intended to estimate   n, the peak value of  n(t) 
with a 5% POE.  Figure 8.15 plots   n / SADS,n for the archetype SC-CBFs subjected to 
ground motion Set I.  The dispersion in the result for the first mode (i.e.,   1 /  Y,1) is 
significant.  The mean value of   n / SADS,n for modes 2 through 4 ranges from 1.29 to 
1.57.  Figure 8.16 shows the variation of   1 /  Y,1 with hSC-CBF.   
The above results can be combined to estimate γn =   n / SADS,n for design.  A summary of 
the estimates of   1 /  Y,1,   1 /   1, and   1 /  Y,1 and the resulting γn is as follows.  For the 
first mode: 
1,
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The following relationship for γ1 is established from Equations 8.13 and 8.14: 
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γ1, is an estimate of   1 /  Y,1 which is made by combining Equations 8.11 and 8.12, 
resulting in: 
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For higher modes,  
16.16.10.1ˆ  nwhennnn   (8.18) 
Equation 8.17 includes a second order polynomial for SC-CBFs with heights from 50ft to 
125ft.  However, the data for   1 /  Y,1 for SC-CBF heights between 50 ft to 125 ft varies 
nearly linearly.  Therefore a simpler alternative to Equation 8.17, which gives nearly the 
same result, is: 
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Either Equation 8.17 or 8.19 can be used to estimate   1 /  Y,1 for design of SC-CBFs. 
The design values for γn determined in this section are different from those given by Roke 
et al. (2010).  The  n data for the archetype SC-CBFs subjected to ground motion Set I 
give sufficient justification for these improved γn values. 
To evaluate the updated γn, the mean (μ) and standard deviation (σ) (including all of the 
archetype SC-CBFs) of   n / (γn∙SADS,n) for up to the first four modes of the archetype SC-
CBFs were calculated and are summarized in Table 8.18.  For the first mode γn∙SADS,n 
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was taken as γn∙ Y,1.  The modes considered for each archetype are those shown in the 
plots of the peak modal effective pseudo acceleration in Section 7.1.4.  The mean and 
standard deviation are calculated for two cases: (1) using γn from the Roke et al. (2010) 
design procedure and (2) using the γn proposed in this section.  The value of   n / 
(γn∙SADS,n) would be 1.0 if γn∙SADS,n was perfectly estimating   n, and a value greater than 
1.0 means that   n is underpredicted.  For γn from the Roke et al. (2010) procedure, the 
mean value (μ) of   1 / (γ1∙ Y,1) across all archetype SC-CBF is 1.39 indicating a very 
unconservative estimate of   1 by γ1∙ Y,1.  The μ value for modes 2 through four is less 
than 0.80 indicating a very conservative estimate of   n by γn∙SADS,n.  The updated γn show 
improved estimates where the mean value of   1 / (γ1∙ Y,1) is 0.87 and the mean value of n / 
(γn∙SADS,n) for modes 2 through 4 are 0.98, 0.87, and 0.80, respectively.  The dispersion in 
the μ value for   1 / (γ1∙ Y,1) with γ1 from the updated design procedure is also significantly 
reduced. 
8.3 Evaluation of Proposed Procedure for Determining Member Force Design 
Demands for SC-CBFs 
As discussed in Section 3.3.2, Roke et al. (2010) applied the weight of the SC-CBF, the 
PT steel yield force, and any energy dissipation forces to the linear elastic analysis model 
of the SC-CBF when determining F1,x,dd (see Figure 3.4).  With γ1 ranging to 2.0, the 
influence of the PT bar yield force, SC-CBF weight, and certain other forces on the 
calculated first mode factored member force design demands (F1,x,fdd = γ1∙F1,x,dd), may be 
unreasonably high.  For example, the influence of the PT steel yield force on the member 
force design demands should not be 2.0 times the nominal yield force of the PT steel.  An 
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alternative procedure to Roke et al. (2010) for determining Fn,x,fdd and Fx,fdd is needed, as 
discussed in this section. 
8.3.1 Proposed Procedure for Determining Member Force Design Demand for SC-
CBFs 
The proposed procedure for determining Fx,fdd breaks the loads applied to the SC-CBF 
into three categories: (1) loads related to modal response (denoted as modal loads), (2) 
loads based on the capacity of the PT steel and energy dissipation devices (denoted as 
capacity loads), and (3) superimposed gravity loads.  Modal loads are calculated from 
estimates of the response for each contributing mode of the SC-CBF.  Modal loads 
include lateral seismic forces determined from modal analysis as well as associated 
friction forces from the lateral load bearings.  The friction force in a the lateral load 
bearing is directly related to the normal force on a lateral load bearing, and this normal 
force is directly related to the lateral seismic forces.  Capacity loads are forces that have a 
relatively certain upper bound, such as the PT bar forces (PTY,fdd) and the forces from 
supplemental energy dissipation devices (VED).  PTY,fdd is an estimate of the maximum 
expected PT bar force and takes into account the difference between the nominal yield 
strength and actual yield strength of the PT steel and is calculated as follows: 
YYfddY PTRPT  1.1,  (8.20) 
where, RY is a factor estimating the ratio of the actual yield strength of the PT bars to the 
nominal yield strength of the PT bars (a material specific property) and PTY is the 
nominal yield strength of the PT bars.  For the study of the SC-CBFs in this research, RY 
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is taken as 1.0.  Limited testing of one type of PT bars indicates that RY can be as high as 
1.2 (Gonner et al. 2010).  The weight of the SC-CBF (WSC-CBF) is categorized as a 
capacity load since it can be determined with reasonably high accuracy.  Superimposed 
gravity loads are the dead, live, and other gravity loads that are imposed on the SC-CBF.  
Gravity loads are factored for design of an SC-CBF as specified by building code 
provisions (e.g., ASCE 7-10 (ASCE 2010)). 
The steps of the proposed member force design demand estimation procedure are: 
1. Modal lateral forces ({FM,n}) are calculated as {s1}∙ Y,1 and {sn}∙SADS,n.  {FM,n} 
are applied to a fixed column base, linear elastic analysis model.  Friction forces 
in the lateral load bearings (if present) are also applied to the linear elastic 
analysis model for each mode (i.e., this is different from recommended inRoke et 
al. 2010). 
2. Modal member force design demands (Fn,x,dd) are determined from the linear 
elastic analysis model. 
3. Fn,x,dd are factored to determine the factored modal member force design demands 
(Fn,x,fdd  = γn∙Fn,x,dd) using the modal load factors (γn) from Equations 8.19, and 
8.18. 
4. Fn,x,fdd are combined using the 2CQC-25 modal combination procedure to obtain 
factored combined member force design demands (FComb,x,fdd). 
552 
 
5. Capacity loads (PTY,fdd, VED, WSC-CBF) are determined and applied to a fixed-
column base linear elastic analysis model of the SC-CBF, and the SC-CBF 
capacity load member force design demands (Fx,CL) are determined. 
6. Factored superimposed gravity loads (as appropriate) are determined and applied 
to a fixed-column base linear elastic analysis model of the SC-CBF, and the SC-
CBF gravity load member force design demands (Fx,GL) are determined. 
7. The absolute value of the member force design demands from steps (4), (5), and 
(6) are added together to determine final SC-CBF factored member force design 
demands  (Fx,fdd = |FComb,x,fdd| + |Fx,CL| + |Fx,GL|).  Fx,fdd is the final member force 
design demand for all of the SC-CBF members except the horizontal base strut. 
8. Fx,fdd for the axial force of the horizontal base strut is taken as one-half of the 
combined base shear from step (4) 
8.3.2 Evaluation of Proposed Procedure for Determining Member Force Design 
Demand for SC-CBFs 
The procedure proposed in the previous section was used to recalculate Fx,fdd for the 
archetype SC-CBFs subjected to ground motion Set I.  In Step (3) of the procedure, 
Fn,x,fdd was combined using the 2CQC-0 procedure, the 2CQC-25 procedure, the NRC-
CQC procedure, the CQC procedure with Roke et al. (2010) ρin values, and the SRSS 
procedure.  The resulting Fx,fdd for each modal combination procedure is used to 
normalize the time-history data for the archetype SC-CBFs subjected ground motion Set 
I.  The 10% POE normalized member axial utilization value is then determined from each 
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normalized data set (e.g., the 10% POE normalized column axial utilization for the 3
rd
 
story columns).  Figure 8.16 demonstrates the result of these calculations by showing the 
10% POE normalized column axial utilization for the 9-story SC-CBF subjected to 
ground motion Set I.  All of the underlying time-history data for each of the data points in 
Figure 8.16 is the same.  However, the value of Fx,fdd used to normalize the data is 
different for each case.   
Also shown in Figure 8.16, for comparison, is the 10% POE normalized column axial 
utilization for the 9-story SC-CBF subjected to ground motion Set I when normalized by 
Fx,fdd calculated using the Roke et al. (2010) procedure and modal combination procedure 
(the data shown in Chapter 7 in Figure 7.46).  The data point for the 9
th
 story from Figure 
7.46 is not shown on the plot, but has a value of 2.89.  The procedure for estimating the 
member force design demands, Fx,fdd, proposed in Section 8.3.1 gives 10% POE 
normalized column axial utilization values for all stories that are below 1.0, for all the 
modal combination procedures used, in contrast to the procedure from Roke et al (2010).  
However, this improved result is shown in Figure 8.16 for only one member type 
(columns) for one SC-CBF (9-story).  To further evaluate the procedure to estimate Fx,fdd 
proposed in Section 8.3.1 with various possible modal combination procedures a 
statistical comparison of the 10% POE and 5% POE normalized member axial utilization 
values for all of the archetype SC-CBFs and member types (SC-CBF columns, braces, 
beams, distribution struts, and base struts) was conducted. 
The 10% POE and 5% POE normalized member axial utilization values for the archetype 
SC-CBFs were grouped into lower columns, upper columns, lower braces, upper braces, 
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lower beams, upper beams, distribution struts, and base struts.  The lower columns, 
braces and beams are the members in the lower half of the SC-CBF (e.g., stories 1 
through 3 of a six story SC-CBF).  The upper columns, braces and beams are the 
members in the upper half of the SC-CBF (e.g., stories 4 through 6 of a six story SC-
CBF).  For SC-CBFs with 9 or 15 stories the members of the 5 and 8 stories, respectively, 
were included with the lower group. 
After grouping the SC-CBF members, the mean value (μ), standard deviation (σ), and 
mean plus one standard deviation (μ + 1 σ) of the 10% POE and 5% POE normalized 
member axial utilization data were determined for each procedure used to estimate Fx,fdd 
for all members in those stories of all archetype SC-CBFs.  These statistical values are 
summarized in Table 8.19 through Table 8.24 for the 10% POE normalized member axial 
utilization and in Table 8.25 through Table 8.30 for the 10% POE normalized member 
axial utilization.   
Table 8.19 shows the statistical values for the 10% POE normalized member axial 
utilization data shown Chapter 7 (determined using Fx,fdd from the Roke et al. (2010) first 
generation design procedure), while Table 8.25 shows the statistical values for the 5% 
POE normalized member axial utilization data shown Chapter 7.  Note that both μ and σ 
are high and introduce large variation in the margin of design against member yielding, 
indicating this procedure is not conservative. 
If the proposed procedure to calculate Fx,fdd gives improved results, then in Table 8.20 
through Table 8.24 and Table 8.26 through Table 8.30 μ and σ should decrease relative to 
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the Roke et al. (2010) first generation procedure (Table 8.19 and Table 8.25, repectively, 
for the 10% POE and 5% POE values).  Additionally, the value for μ + 1 σ should not be 
significantly greater than 1.0, since a normalized member axial utilization greater than 
1.0 means that the demand imposed by the DBE has exceeded the Fx,fdd.   
For the Roke et al. (2010) first generation procedure to estimate Fx,fdd (Table 8.19), the 
dispersion is significant for the columns in the lower stories (σ = 0.27) and very high for 
the columns in the upper stories (σ = 0.48) for the 10% POE values.  The proposed 
procedure to estimate Fx,fdd with the NRC-CQC (Table 8.22), Roke et al. (2010) CQC 
(Table 8.23), and SRSS (Table 8.24) modal combination procedures all reduce σ of the 
10% POE for the upper story columns, but σ is still greater than 0.20 for the columns in 
the lower stories.  Only the 2CQC-0 (Table 8.20) and 2CQC-25 (Table 8.21) modal 
combination procedures reduce σ of the 10% POE values for the upper and lower 
columns below 0.20.  For the braces, only the proposed procedure with the 2CQC-0 
(Table 8.20) and 2CQC-25 (Table 8.21) modal combination procedures significantly 
reduce σ of the 10% POE values in both the upper (from 0.22 to 0.11 for both 2CQC-0 
and 2CQC-25) and lower stories (from 0.16 to 0.12 and 0.09 for 2CQC-0 and 2CQC-25, 
respectively), compared to the Roke et al. (2010) first generation procedure (Table 8.19).  
The trend in the 5% POE values (Table 8.25 through Table 8.30) is the same as for the 
10% POE values.  Although a small amount of additional computational effort is required 
with the 2CQC modal combination procedure, relative to the other modal combination 
procedures, the significant reduction in dispersion is the advantage of this method. 
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The proposed procedure to estimate Fx,fdd reduces the μ + 1 σ 10% POE normalized 
column axial utilization for all modal combination procedures used, relative to the Roke 
et al. (2010) procedure to estimate Fx,fdd.  However, μ + 1 σ is somewhat greater than 1.0 
(a value of 1.08) when the Roke et al. (2010) CQC modal combination procedure is used 
with the proposed procedure to estimate Fx,fdd (Table 8.23). 
The μ + 1 σ 10% POE normalized brace axial utilization is large (1.21) for the upper 
stories when the Roke et al. (2010) CQC (Table 8.23) modal combination procedure is 
used.  In contrast, μ + 1 σ of the 10% POE values for the upper story braces with the 
2CQC-0 (Table 8.20) and 2CQC-25 (Table 8.21) modal combination procedures are 0.90 
and 0.92, respectively.  The μ + 1 σ of the 5% POE values for the upper story braces with 
the 2CQC-0 (Table 8.26) and 2CQC-25 (Table 8.27) modal combination procedures are 
0.96 and 0.99, respectively. 
The proposed procedure for estimating Fx,fdd with the 2CQC modal combination 
procedure (either 2CQC-0 or 2CQC-25) significantly reduces the dispersion in the 10% 
POE and 5% POE normalized column and brace axial utilization relative to the Roke et 
al. (2010) first generation procedure for estimating Fx,fdd.  The proposed procedure with 
either the 2CQC-0 or 2CQC-25 modal combination procedure both provide much 
improved design estimates of the peak member axial force demands under the DBE.  
There is very little statistical difference in the results using the 2CQC-25 compared to the 
2CQC-0 modal combination procedure; however, it is recommended that the 2CQC-25 
modal combination procedure be used for the design of SC-CBFs, as follows.   
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The reason the 2CQC-25 procedure is recommended over the 2CQC-0 procedure is 
shown in the normalized brace axial utilizations in Figures 8.17 and Figure 8.18 for a 
redesigned 4-story SC-CBF (the details of the design are described in Section 11.1).  In 
Figure 8.17 the same peak brace force data from time-history analyses of the redesigned 
4-story SC-CBF is normalized by Fx,fdd calculated using the 2CQC-25 modal combination 
method, while in Figure 8.18 the peak brace force is data from the time-history analyses 
is normalized by Fx,fdd calculated using the 2CQC-0 modal combination method. 
The 10% POE normalized brace axial utilization value calculated using the 2CQC-25 
modal combination procedure is 0.96 for the first story braces.  The 10% POE normalized 
brace axial utilization value calculated using the 2CQC-0 modal combination procedure 
is 1.17 for the first story braces, which means there is a significant chance (approximately 
30%) that Fx,fdd will be exceeded under the DBE.  This result is not consistent with the 
performance objectives for SC-CBFs (see Section 3.1.1) under the DBE.  The 2CQC-25 
modal combination procedure typically provides increased story shear force (or brace 
axial force) design demands near the base of the SC-CBF, therefore under-estimating the 
peak brace axial force under the DBE does not occur as often as with the 2CQC-0 modal 
combination procedure.  Therefore the 2CQC-25 modal combination procedure is 
recommended.  
8.4 Summary 
The Roke et al. (2010) first generation procedure for calculating Fx,fdd did not adequately 
estimate peak member force demands for SC-CBFs across a range of SC-CBF heights.  
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In particular, the brace axial force demand at about two-thirds the height of the SC-CBF 
was poorly estimated by the Roke et al. (2010) procedure.   
The results shown here indicate that the sign of the modal response can have a significant 
impact on the calculated value of Fx,fdd. Although Der Kiureghian (1981) explicitly states 
the need to maintain the sign of the modal response (rn0) in the CQC procedure, the Der 
Kiureghian (1981) CQC procedure does not consider that negative correlation between 
modal responses may occur consistently at the time of certain peak member force 
responses. 
Roke et al. (2010) studied the correlation between  n during the time of “significant 
rocking response” and found that ρin could be significantly greater than the ρin given by 
equations in Der Kiureghian (1981).  However, neither Roke et al. (2010) nor Der 
Kiureghian (1981) suggest that ρin can be negative.  The ρin for   n(t) at the time of peak 
member force response (column axial force, brace axial force, etc.) was calculated and it 
was found that ρin for the first few modes can be significant (close to 1.0) in some cases 
and can be negative in some cases.  Additionally, ρin varies for the same type of peak 
member force response (i.e., peak brace axial force) over the height of the structure.  
Therefore, it was proposed that two sets of ρin should be used to combine modal member 
force design demands to calculate the member force design demands. 
The Roke et al. (2010) procedure seeks to calculate member force design demands with a 
small POE by amplifying Fn,x,dd before the modal member force design demands are 
combined.  Roke et al. (2010) proposed modal load factors (γn) after studying 6 story SC-
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CBFs. The data reported in this document for SC-CBFs with a range of heights suggests 
that the γn proposed by Roke et al. (2010) should not be used for all SC-CBFs.  A new set 
of γn was proposed in Section 8.2.3 where γ1 varies with the SC-CBF height and γn for the 
higher modes are smaller than the γn given by Roke et al. (2010).   
The γ1 proposed here would cause overly conservative Fx,fdd in some location in the SC-
CBF if used directly in the Roke et al. (2010) procedure for estimating Fx,fdd.  Therefore, a 
new procedure for calculating Fx,fdd was proposed.  The proposed procedure for 
calculating Fx,fdd for SC-CBFs uses the γn values given in this chapter along with two sets 
of ρin values to estimate a combined member force design demand with a low POE.  
Importantly, the proposed procedure treats member forces from so-called “capacity 
loads” without applying γ1 and treats friction forces in the lateral load bearings differently 
than the Roke et al. (2010) procedure..  The proposed procedure for calculating Fx,fdd 
gives improved results for SC-CBFs across a range of heights. 
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Table 8.1 – ρin for 9-story archetype SC-CBF as determined by Der Kiureghian (1981) 
formulas for 5% modal damping 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2 0.00 1.00 0.03 0.01 0.01 0.01 0.00 0.00 0.00 
3 0.00 0.03 1.00 0.10 0.03 0.02 0.02 0.01 0.01 
4 0.00 0.01 0.10 1.00 0.14 0.09 0.05 0.04 0.02 
5 0.00 0.01 0.03 0.14 1.00 0.69 0.20 0.16 0.06 
6 0.00 0.01 0.02 0.09 0.69 1.00 0.37 0.28 0.08 
7 0.00 0.00 0.02 0.05 0.20 0.37 1.00 0.93 0.19 
8 0.00 0.00 0.01 0.04 0.16 0.28 0.93 1.00 0.24 
9 0.00 0.00 0.01 0.02 0.06 0.08 0.19 0.24 1.00 
 
Table 8.2 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak column force in 1
st
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.98 -0.24 0.16 0.26 0.16 0.11 -0.12 0.34 
2 -0.98 1.00 0.23 -0.20 -0.28 -0.11 -0.12 0.09 -0.37 
3 -0.24 0.23 1.00 0.28 0.09 -0.35 0.07 -0.21 0.00 
4 0.16 -0.20 0.28 1.00 0.10 0.04 0.07 0.05 0.35 
5 0.26 -0.28 0.09 0.10 1.00 -0.08 0.25 -0.37 0.20 
6 0.16 -0.11 -0.35 0.04 -0.08 1.00 0.30 0.23 -0.16 
7 0.11 -0.12 0.07 0.07 0.25 0.30 1.00 -0.01 -0.29 
8 -0.12 0.09 -0.21 0.05 -0.37 0.23 -0.01 1.00 0.16 
9 0.34 -0.37 0.00 0.35 0.20 -0.16 -0.29 0.16 1.00 
 
Table 8.3 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak column force in 3
rd
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.90 -0.04 0.24 0.03 0.07 0.46 -0.05 0.22 
2 -0.90 1.00 -0.10 -0.38 -0.05 -0.10 -0.58 0.04 -0.05 
3 -0.04 -0.10 1.00 0.40 0.37 0.06 0.04 -0.18 -0.18 
4 0.24 -0.38 0.40 1.00 0.58 0.16 0.49 -0.09 -0.26 
5 0.03 -0.05 0.37 0.58 1.00 0.02 0.05 -0.04 0.07 
6 0.07 -0.10 0.06 0.16 0.02 1.00 0.17 -0.21 -0.16 
7 0.46 -0.58 0.04 0.49 0.05 0.17 1.00 0.25 -0.40 
8 -0.05 0.04 -0.18 -0.09 -0.04 -0.21 0.25 1.00 -0.25 
9 0.22 -0.05 -0.18 -0.26 0.07 -0.16 -0.40 -0.25 1.00 
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Table 8.4 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak column force in 6
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.67 -0.15 0.22 -0.01 0.16 0.38 0.07 0.22 
2 -0.67 1.00 -0.27 -0.30 0.02 -0.38 -0.43 -0.06 -0.10 
3 -0.15 -0.27 1.00 0.38 0.23 0.13 -0.14 -0.26 -0.01 
4 0.22 -0.30 0.38 1.00 0.37 0.09 0.31 -0.08 -0.18 
5 -0.01 0.02 0.23 0.37 1.00 0.22 -0.13 -0.35 0.08 
6 0.16 -0.38 0.13 0.09 0.22 1.00 0.20 -0.18 -0.10 
7 0.38 -0.43 -0.14 0.31 -0.13 0.20 1.00 0.39 -0.03 
8 0.07 -0.06 -0.26 -0.08 -0.35 -0.18 0.39 1.00 -0.20 
9 0.22 -0.10 -0.01 -0.18 0.08 -0.10 -0.03 -0.20 1.00 
 
Table 8.5 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak column force in 9
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.67 -0.15 0.35 -0.11 0.18 0.02 0.15 0.00 
2 -0.67 1.00 0.00 -0.18 0.36 0.02 0.14 -0.22 -0.02 
3 -0.15 0.00 1.00 -0.05 -0.20 0.00 -0.18 0.23 0.44 
4 0.35 -0.18 -0.05 1.00 0.21 0.18 0.07 0.06 0.11 
5 -0.11 0.36 -0.20 0.21 1.00 0.34 0.10 -0.14 -0.07 
6 0.18 0.02 0.00 0.18 0.34 1.00 0.06 -0.07 0.13 
7 0.02 0.14 -0.18 0.07 0.10 0.06 1.00 0.08 -0.16 
8 0.15 -0.22 0.23 0.06 -0.14 -0.07 0.08 1.00 -0.31 
9 0.00 -0.02 0.44 0.11 -0.07 0.13 -0.16 -0.31 1.00 
 
Table 8.6 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak brace force in 1
st
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.10 0.10 0.12 -0.26 -0.14 0.44 0.04 -0.16 
2 -0.10 1.00 0.69 0.16 -0.06 -0.09 0.10 0.44 0.57 
3 0.10 0.69 1.00 0.46 -0.34 -0.15 0.25 0.36 0.45 
4 0.12 0.16 0.46 1.00 0.03 0.37 0.39 -0.11 0.26 
5 -0.26 -0.06 -0.34 0.03 1.00 0.42 -0.09 -0.19 0.19 
6 -0.14 -0.09 -0.15 0.37 0.42 1.00 -0.13 -0.54 0.02 
7 0.44 0.10 0.25 0.39 -0.09 -0.13 1.00 0.13 0.18 
8 0.04 0.44 0.36 -0.11 -0.19 -0.54 0.13 1.00 0.07 
9 -0.16 0.57 0.45 0.26 0.19 0.02 0.18 0.07 1.00 
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Table 8.7 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak brace force in 3
rd
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.85 -0.03 -0.15 -0.11 0.03 0.11 0.24 -0.17 
2 -0.85 1.00 0.18 0.14 0.18 -0.25 -0.02 0.04 0.17 
3 -0.03 0.18 1.00 0.15 -0.10 -0.03 0.39 0.09 0.23 
4 -0.15 0.14 0.15 1.00 0.33 -0.15 0.34 0.26 0.33 
5 -0.11 0.18 -0.10 0.33 1.00 -0.16 0.02 0.39 0.26 
6 0.03 -0.25 -0.03 -0.15 -0.16 1.00 -0.03 -0.26 0.12 
7 0.11 -0.02 0.39 0.34 0.02 -0.03 1.00 0.24 0.46 
8 0.24 0.04 0.09 0.26 0.39 -0.26 0.24 1.00 0.24 
9 -0.17 0.17 0.23 0.33 0.26 0.12 0.46 0.24 1.00 
 
Table 8.8 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak brace force in 6
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.65 0.30 -0.21 -0.22 -0.17 0.02 0.23 0.20 
2 -0.65 1.00 -0.20 -0.08 0.12 -0.08 -0.25 0.11 0.14 
3 0.30 -0.20 1.00 0.36 0.26 0.24 -0.08 0.04 0.14 
4 -0.21 -0.08 0.36 1.00 0.51 0.34 0.45 -0.18 -0.28 
5 -0.22 0.12 0.26 0.51 1.00 0.18 0.28 0.03 -0.09 
6 -0.17 -0.08 0.24 0.34 0.18 1.00 0.08 -0.13 -0.18 
7 0.02 -0.25 -0.08 0.45 0.28 0.08 1.00 -0.03 -0.19 
8 0.23 0.11 0.04 -0.18 0.03 -0.13 -0.03 1.00 0.12 
9 0.20 0.14 0.14 -0.28 -0.09 -0.18 -0.19 0.12 1.00 
 
Table 8.9 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak brace force in 9
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.60 -0.17 0.16 0.10 0.12 -0.35 0.11 0.34 
2 -0.60 1.00 -0.27 -0.49 -0.14 -0.33 0.27 -0.23 -0.26 
3 -0.17 -0.27 1.00 0.60 0.13 0.03 0.23 0.02 -0.07 
4 0.16 -0.49 0.60 1.00 0.46 0.15 -0.03 0.17 -0.05 
5 0.10 -0.14 0.13 0.46 1.00 0.08 0.17 -0.30 -0.28 
6 0.12 -0.33 0.03 0.15 0.08 1.00 0.05 0.27 -0.07 
7 -0.35 0.27 0.23 -0.03 0.17 0.05 1.00 -0.11 -0.29 
8 0.11 -0.23 0.02 0.17 -0.30 0.27 -0.11 1.00 0.24 
9 0.34 -0.26 -0.07 -0.05 -0.28 -0.07 -0.29 0.24 1.00 
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Table 8.10 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
Vx,peak in 1
st
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.30 0.00 0.06 -0.20 -0.05 0.31 -0.25 -0.33 
2 -0.30 1.00 0.74 0.28 0.12 -0.09 0.18 0.61 0.67 
3 0.00 0.74 1.00 0.46 -0.24 -0.18 0.33 0.44 0.48 
4 0.06 0.28 0.46 1.00 0.14 0.33 0.39 -0.04 0.20 
5 -0.20 0.12 -0.24 0.14 1.00 0.27 -0.12 0.04 0.19 
6 -0.05 -0.09 -0.18 0.33 0.27 1.00 -0.15 -0.43 -0.07 
7 0.31 0.18 0.33 0.39 -0.12 -0.15 1.00 0.04 0.29 
8 -0.25 0.61 0.44 -0.04 0.04 -0.43 0.04 1.00 0.26 
9 -0.33 0.67 0.48 0.20 0.19 -0.07 0.29 0.26 1.00 
 
Table 8.11 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
Vx,peak in 3
rd
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.05 0.18 -0.09 -0.26 -0.15 0.03 0.15 -0.12 
2 -0.05 1.00 0.64 -0.22 -0.47 -0.21 -0.05 0.42 0.61 
3 0.18 0.64 1.00 -0.11 -0.54 -0.13 0.01 0.41 0.40 
4 -0.09 -0.22 -0.11 1.00 0.36 0.21 0.40 0.10 0.10 
5 -0.26 -0.47 -0.54 0.36 1.00 0.08 0.03 -0.03 -0.21 
6 -0.15 -0.21 -0.13 0.21 0.08 1.00 -0.05 -0.22 0.01 
7 0.03 -0.05 0.01 0.40 0.03 -0.05 1.00 0.29 0.30 
8 0.15 0.42 0.41 0.10 -0.03 -0.22 0.29 1.00 0.41 
9 -0.12 0.61 0.40 0.10 -0.21 0.01 0.30 0.41 1.00 
 
Table 8.12 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
Vx,peak in 6
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.58 0.22 -0.15 -0.15 -0.15 0.00 0.24 0.23 
2 -0.58 1.00 0.02 0.16 0.31 -0.01 -0.04 0.17 0.05 
3 0.22 0.02 1.00 0.44 0.43 0.29 0.07 0.11 0.20 
4 -0.15 0.16 0.44 1.00 0.65 0.35 0.49 -0.08 -0.13 
5 -0.15 0.31 0.43 0.65 1.00 0.30 0.36 0.18 0.06 
6 -0.15 -0.01 0.29 0.35 0.30 1.00 -0.09 -0.17 -0.03 
7 0.00 -0.04 0.07 0.49 0.36 -0.09 1.00 0.10 -0.22 
8 0.24 0.17 0.11 -0.08 0.18 -0.17 0.10 1.00 0.19 
9 0.23 0.05 0.20 -0.13 0.06 -0.03 -0.22 0.19 1.00 
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Table 8.13 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
Vx,peak in 9
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.40 -0.01 0.12 0.12 0.12 -0.01 -0.20 0.03 
2 -0.40 1.00 -0.52 0.01 -0.02 -0.24 0.12 0.23 -0.14 
3 -0.01 -0.52 1.00 0.21 -0.03 -0.12 0.11 0.15 0.13 
4 0.12 0.01 0.21 1.00 0.17 0.05 -0.03 0.20 -0.37 
5 0.12 -0.02 -0.03 0.17 1.00 0.17 0.20 0.08 0.04 
6 0.12 -0.24 -0.12 0.05 0.17 1.00 -0.37 -0.43 -0.23 
7 -0.01 0.12 0.11 -0.03 0.20 -0.37 1.00 0.23 0.21 
8 -0.20 0.23 0.15 0.20 0.08 -0.43 0.23 1.00 0.08 
9 0.03 -0.14 0.13 -0.37 0.04 -0.23 0.21 0.08 1.00 
 
Table 8.14 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak story overturning moment in 1
st
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.57 -0.20 -0.40 -0.09 -0.04 0.33 0.30 -0.04 
2 -0.57 1.00 0.29 0.26 0.19 0.13 -0.17 0.07 -0.01 
3 -0.20 0.29 1.00 0.56 -0.12 0.26 0.52 0.05 0.34 
4 -0.40 0.26 0.56 1.00 0.25 0.30 0.37 -0.19 0.14 
5 -0.09 0.19 -0.12 0.25 1.00 0.33 -0.25 -0.19 0.11 
6 -0.04 0.13 0.26 0.30 0.33 1.00 -0.08 -0.34 0.06 
7 0.33 -0.17 0.52 0.37 -0.25 -0.08 1.00 0.26 0.34 
8 0.30 0.07 0.05 -0.19 -0.19 -0.34 0.26 1.00 0.27 
9 -0.04 -0.01 0.34 0.14 0.11 0.06 0.34 0.27 1.00 
 
Table 8.15 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak story overturning moment in 3
rd
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.95 0.26 0.29 -0.10 0.17 0.04 0.09 0.25 
2 -0.95 1.00 -0.31 -0.30 0.10 -0.15 -0.04 -0.09 -0.15 
3 0.26 -0.31 1.00 0.43 0.23 0.12 0.06 -0.16 0.18 
4 0.29 -0.30 0.43 1.00 0.26 0.28 0.37 -0.15 -0.02 
5 -0.10 0.10 0.23 0.26 1.00 0.18 0.26 -0.25 0.17 
6 0.17 -0.15 0.12 0.28 0.18 1.00 0.16 -0.11 -0.06 
7 0.04 -0.04 0.06 0.37 0.26 0.16 1.00 0.04 -0.30 
8 0.09 -0.09 -0.16 -0.15 -0.25 -0.11 0.04 1.00 0.03 
9 0.25 -0.15 0.18 -0.02 0.17 -0.06 -0.30 0.03 1.00 
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Table 8.16 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak story overturning moment in 6
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.30 -0.11 -0.06 -0.04 0.13 -0.07 -0.01 0.36 
2 -0.30 1.00 -0.11 -0.16 0.15 -0.09 0.10 0.19 -0.05 
3 -0.11 -0.11 1.00 0.50 0.28 -0.01 0.18 0.22 0.07 
4 -0.06 -0.16 0.50 1.00 0.19 -0.13 0.27 -0.09 -0.17 
5 -0.04 0.15 0.28 0.19 1.00 0.35 0.06 0.08 0.25 
6 0.13 -0.09 -0.01 -0.13 0.35 1.00 -0.14 0.01 0.12 
7 -0.07 0.10 0.18 0.27 0.06 -0.14 1.00 0.35 0.39 
8 -0.01 0.19 0.22 -0.09 0.08 0.01 0.35 1.00 0.14 
9 0.36 -0.05 0.07 -0.17 0.25 0.12 0.39 0.14 1.00 
 
Table 8.17 – ρin for 9-story archetype SC-CBF calculated using   i(t) and   n(t) at time of 
peak story overturning moment in 9
th
 story for ground motion Set I 
 
Mode 1 2 3 4 5 6 7 8 9 
1 1.00 -0.40 -0.01 0.12 0.12 0.12 -0.01 -0.20 0.03 
2 -0.40 1.00 -0.52 0.01 -0.02 -0.24 0.12 0.23 -0.14 
3 -0.01 -0.52 1.00 0.21 -0.03 -0.12 0.11 0.15 0.13 
4 0.12 0.01 0.21 1.00 0.17 0.05 -0.03 0.20 -0.37 
5 0.12 -0.02 -0.03 0.17 1.00 0.17 0.20 0.08 0.04 
6 0.12 -0.24 -0.12 0.05 0.17 1.00 -0.37 -0.43 -0.23 
7 -0.01 0.12 0.11 -0.03 0.20 -0.37 1.00 0.23 0.21 
8 -0.20 0.23 0.15 0.20 0.08 -0.43 0.23 1.00 0.08 
9 0.03 -0.14 0.13 -0.37 0.04 -0.23 0.21 0.08 1.00 
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Table 8.18 – Statistics of   n / (γn∙SADS,n) across all archetype SC-CBFs calculated using 
Roke et al. (2010) γn and proposed γn 
 
 
Using Roke et al. (2010) γn values Using Proposed γn values 
1
st
 
Mode 
2
nd
 
Mode 
3
rd
 
Mode 
4
th
 
Mode 
1
st
 
Mode 
2
nd
 
Mode 
3
rd
 
Mode 
4
th
 
Mode 
μ 1.39 0.79 0.69 0.64 0.87 0.98 0.87 0.80 
σ 0.38 0.12 0.09 0.09 0.15 0.15 0.11 0.11 
μ + 1∙σ 1.77 0.91 0.78 0.74 1.02 1.13 0.98 0.92 
 
Table 8.19 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using Roke et al. (2010) procedure to calculate Fx,fdd (data in Chapter 7) 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 1.01 1.00 0.67 1.02 0.58 0.72 0.83 0.44 
σ 0.27 0.48 0.16 0.22 0.19 0.20 0.07 0.06 
μ + 1∙σ 1.28 1.48 0.84 1.24 0.77 0.92 0.90 0.50 
 
Table 8.20 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with 2CQC-0 modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.67 0.78 0.72 0.79 0.58 0.59 0.83 0.59 
σ 0.16 0.10 0.12 0.11 0.19 0.16 0.09 0.09 
μ + 1∙σ 0.83 0.88 0.84 0.90 0.77 0.76 0.92 0.68 
 
Table 8.21 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with 2CQC-25 modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.65 0.79 0.65 0.81 0.55 0.62 0.84 0.51 
σ 0.17 0.11 0.09 0.11 0.17 0.18 0.09 0.06 
μ + 1∙σ 0.83 0.90 0.74 0.92 0.71 0.80 0.93 0.58 
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Table 8.22 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with NRC-CQC modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.79 0.80 0.72 0.90 0.58 0.60 0.83 0.63 
σ 0.22 0.11 0.13 0.17 0.19 0.18 0.09 0.07 
μ + 1∙σ 1.01 0.91 0.85 1.07 0.77 0.78 0.92 0.70 
Table 8.23 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with Roke et al. (2010) CQC 
modal combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.80 0.83 0.67 1.00 0.56 0.68 0.84 0.51 
σ 0.28 0.13 0.11 0.21 0.16 0.22 0.09 0.06 
μ + 1∙σ 1.08 0.96 0.78 1.21 0.73 0.89 0.93 0.58 
 
Table 8.24 – Statistics of 10% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with SRSS modal combination 
to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.79 0.80 0.73 0.91 0.60 0.62 0.83 0.64 
σ 0.22 0.11 0.13 0.17 0.20 0.19 0.09 0.07 
μ + 1∙σ 1.01 0.91 0.87 1.08 0.80 0.81 0.92 0.71 
 
Table 8.25 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using Roke et al. (2010) procedure to calculate Fx,fdd (data in Chapter 7) 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 1.06 1.06 0.72 1.09 0.64 0.79 0.86 0.49 
σ 0.29 0.50 0.17 0.23 0.18 0.20 0.07 0.06 
μ + 1∙σ 1.35 1.56 0.89 1.32 0.82 0.99 0.93 0.54 
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Table 8.26 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with 2CQC-0 modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.70 0.82 0.77 0.84 0.63 0.65 0.86 0.65 
σ 0.17 0.11 0.14 0.12 0.20 0.17 0.09 0.10 
μ + 1∙σ 0.87 0.93 0.90 0.96 0.83 0.82 0.95 0.75 
 
Table 8.27 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with 2CQC-25 modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.68 0.83 0.70 0.86 0.60 0.68 0.86 0.57 
σ 0.19 0.12 0.09 0.13 0.17 0.19 0.09 0.06 
μ + 1∙σ 0.87 0.95 0.79 0.99 0.77 0.87 0.96 0.63 
 
Table 8.28 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with NRC-CQC modal 
combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.82 0.84 0.77 0.96 0.63 0.65 0.86 0.70 
σ 0.24 0.12 0.14 0.19 0.20 0.19 0.09 0.07 
μ + 1∙σ 1.06 0.96 0.91 1.15 0.83 0.84 0.95 0.76 
 
Table 8.29 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with Roke et al. (2010) CQC 
modal combination to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.84 0.88 0.71 1.06 0.62 0.74 0.86 0.57 
σ 0.30 0.15 0.12 0.23 0.17 0.23 0.09 0.06 
μ + 1∙σ 1.14 1.02 0.83 1.29 0.79 0.97 0.96 0.63 
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Table 8.30 – Statistics of 5% POE normalized member utilization across all archetype 
SC-CBFs when using proposed procedure (Section 8.3.1) with SRSS modal combination 
to calculate Fx,fdd 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.83 0.85 0.78 0.97 0.66 0.68 0.86 0.71 
σ 0.24 0.12 0.15 0.19 0.21 0.20 0.09 0.07 
μ + 1∙σ 1.07 0.96 0.93 1.16 0.87 0.88 0.96 0.78 
570 
 
 
Figure 8.1 – Comparison of   Brace,TH,dd calculated using three different sets of ρin for 9-
story SC-CBF subjected to ground motion Set I.  
 
 
Figure 8.2 – Comparison of Vx,dd using different combination procedures with median 
story shear for 9-story SC-CBF subjected to ground motion Set I 
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Figure 8.3 – Unfactored modal story shears (Vn,x,dd) for 9-Story SC-CBF 
 
 
Figure 8.4 – Comparison of combined unfactored modal story shears (V1,x,dd and V2,x,dd) 
with median story shear value for 9-story SC-CBF subjected to ground motion Set I 
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Figure 8.5 –   n(t) for 9-story archetype SC-CBF subjected to Morigawachi-090 ground 
motion from the 1995 Kobe, Japan earthquake in ground motion Set I showing time of 
peak story shear 
 
 
Figure 8.6 –   n(t) for 9-story archetype SC-CBF subjected to Morigawachi-090 ground 
motion from the 1995 Kobe, Japan earthquake in ground motion Set I showing time of 
peak column and peak brace axial force 
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Figure 8.7 – Comparison of median Vx,peak of 9-story archetype SC-CBF subjected to 
ground motion Set I with Vx,   calculated using various ρin 
 
 
Figure 8.8 – Comparison of median Vx,peak of 9-story archetype SC-CBF subjected to 
ground motion Set I with Vx,   calculated using various ρin and the modal properties from 
nonlinear numerical simulation model 
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Figure 8.9 – Comparison of median Vx,peak of 9-story archetype SC-CBF subjected to 
ground motion Set I with Vx,   calculated using various modal combination procedures 
 
 
Figure 8.10 – Modal peak  n for modes 1 through 4 of the 9-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 8.11 – Comparison of median peak effective pseudo-acceleration (  n) and design 
SA (SADS,n) for modes 1 through 4 for archetype SC-CBFs subjected to ground motion Set 
I 
 
 
Figure 8.12 – Comparison of median peak effective pseudo-acceleration (  1) and design 
SA ( Y,1) versus SC-CBF height for archetype SC-CBFs subjected to ground motion Set I. 
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Figure 8.13 – Comparison of 5% POE peak effective pseudo-acceleration (  n) and 
median peak effective pseudo-acceleration (  n) for modes 1 through 4 for archetype SC-
CBFs subjected to ground motion Set I 
 
 
Figure 8.14 – Comparison of 5% POE peak effective pseudo-acceleration (  1) and 
median peak effective pseudo-acceleration (  1) versus SC-CBF height for archetype SC-
CBFs subjected to ground motion Set I. 
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Figure 8.15 – Comparison of 5% POE peak effective pseudo-acceleration (  n) and design 
SA (SADS,n) for modes 1 through 4 for archetype SC-CBFs subjected to ground motion Set 
I 
 
 
Figure 8.16 – Comparison of 5% POE peak effective pseudo-acceleration (  1) and design 
SA ( Y,1) versus SC-CBF height for archetype SC-CBFs subjected to ground motion Set I 
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Figure 8.16 – 10% POE normalized column axial utilization for 9-story archetype SC-
CBF subjected to ground motion Set I for different modal combination procedures using 
proposed member force design demand calculation procedure 
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Figure 8.17 –Normalized brace axial utilization for redesigned 4-story archetype SC-CBF 
(see Section 11.1) subjected to ground motion Set I where Fx,fdd is calculated using the 
2CQC-25 modal combination procedure 
 
Figure 8.18 – Normalized brace axial utilization for redesigned 4-story archetype SC-
CBF (see Section 11.1) subjected to ground motion Set I where Fx,fdd is calculated using 
the 2CQC-0 modal combination procedure 
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CHAPTER 9 
DRIFT DEMAND ESTIMATES FOR SC-CBFS SUBJECTED TO DESIGN 
BASIS EARTHQUAKE 
 
It was shown in Chapter 7 using time-history analysis data for the archetype SC-CBFs 
subjected to ground motion Set I that the method used in the Roke et al. (2010) design 
procedure to calculate the roof drift design demand needs improvement, especially for 
shorter SC-CBFs.  The roof drift design demand (θDBE,dd) is intended to be an estimate of 
the median peak roof drift (θr,Peak).  Data presented in Chapter 7 shows that θDBE,dd may 
be an unconservative estimate of the median θr,Peak.  This chapter presents a study of the 
method used to estimate θDBE,dd for SC-CBFs, explores parameters that affect the median 
θr,Peak under the DBE, compares static analysis drift data and time-history analysis data 
with design demands, and proposes improvements to the roof drift design demand 
calculation method to provide better estimates of the median θr,Peak under the DBE. 
9.1 Current Method to Establish the Design Drift Demand for SC-CBFs 
The Roke et al. (2010) design procedure, used to design the archetype SC-CBFs, uses an 
estimate of the median θr,Peak under the DBE (θDBE,m) as the unfactored roof drift design 
demand (θDBE,dd).  As described fully in Section 3.3.2, θDBE,dd is calculated by determining 
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the roof drift at decompression of the SC-CBF (θD) and then amplifying θD by μDBE, 
which is the estimated ductility demand, as follows: 
DDBEddDBE  ,  (9.1) 
The design ductility demand (μDBE) is estimated using a set of formulas developed by Seo 
(2005) for self-centering systems as follows: 
)( 1Tp
DBE R  (9.2) 
where, 
 









2
1
1
1 exp c
T
c
Tp  (9.3) 
and 
 21 kbac   (9.4) 
 22 kdcc   (9.5) 
As stated in Section 3.3.2,  k is the ratio of the post-decompression stiffness to the elastic 
stiffness.  RAD-Drift is used for R, and is defined in Section 3.3.4.  T1 is the first mode 
period of the SC-CBF (for the archetype SC-CBFs described in Chapter 4, T1,Def, the first 
mode period calculated using a fixed column base, linear elastic model with second order 
effects, was used for T1).  The coefficients a, b, c, and d are regression coefficients given 
by Seo (2005).  The coefficients a, b, c, and d are dependent on the energy dissipation 
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ratio (βE) and Site Class (as defined by ASCE 7-10 (2010)).  The coefficients a, b, c and d 
used in this research are for Site Class D and are shown in Table 9.1. 
θD for the archetype SC-CBFs was determined from a static analysis using a fixed 
column base, linear elastic analysis model that considered second order effects and used a 
loading pattern similar to that shown in Figure 3.3.   
As mentioned in Section 3.3.2, the bias between the unfactored (or “nominal”) roof drift 
design demand, θDBE,dd, and θDBE,m is assumed to be zero, so the probability of θr,Peak from 
the DBE exceeding θDBE,dd (i.e., exceeding θDBE,m)is expected to be 50% (Roke et al. 
2010).  To reduce the probability of θr,Peak from the DBE exceeding the roof drift design 
demand, a factored roof drift design demand (θDBE,fdd) can be used as the design demand 
(Roke et al. 2010). θDBE,fdd is expressed as: 
ddDBEfddDBE ,,     (9.6) 
where γθ ≥ 1.0.  To design the SC-CBFs in this research, the probability of exceeding the 
roof drift design demand was set at 50%, therefore, γθ = 1.0.   
A damping correction factor was also introduced in Chapter 3 to account for a difference 
in the damping ratio specified for the design spectrum (5% of critical) and the inherent 
damping ratio of the structure.  The damping correction factor (Cξ) is taken from 
Newmark and Hall (1982) and depends on T1 (T1,Def was used for the archetype SC-
CBFs); Cξ differs for the constant acceleration, constant velocity, and constant 
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acceleration regions of the spectrum.  θDBE,fdd is multiplied by Cξ to establish the final 
value of the roof drift design demand, for cases when the damping ratio is not 5%.   
9.2 Parameters Effecting Drift Design Demand Calculations 
From the equations in the previous section it is evident that six parameters have an 
influence on the calculation of θDBE,dd.  These six parameters are the: (1) Site Class (Site 
Class D was used for archetype SC-CBFs), (2) the first mode period of the structure, T1 
(T1,Def was used for the archetype SC-CBFs), (3) the roof drift at decompression of the SC-
CBF column base (θD), (4) the response modification coefficient, R (RAD-Drift was used for 
the archetype SC-CBFs), (5) the ratio of the post-decompression stiffness to the elastic 
stiffness ( k), and (6) the energy dissipation ratio (βE).  Cξ is not being considered as a 
parameter effecting the drift design demand calculation because its primary purpose is to 
adjust the design demand to account for differences between the modal damping ratio 
assumed in design and the modal ratio damping used in the nonlinear numerical 
simulation model for time-history analyses.  A discussion of why Cξ is applied to θDBE,dd 
at the end of the calculation is found in Section 3.3.5. 
μDBE is influenced by all of the parameters mentioned in the previous paragraph, except 
θD.  Figures 9.1 through 9.3 show μDBE versus period (T) calculated using Equations 9.2 
through 9.5 with the values of the a, b, c, and d coefficients given in Table 9.1 for Site 
Class D.  Figure 9.1 shows μDBE versus T for various values of R with (a) βE = 0.25,  k = 
0.05; (b) βE = 0.50,  k = 0.05; (c) βE = 0.25,  k = 0.10; (d) βE = 0.50,  k = 0.10.  As T 
becomes long (>2 seconds), μDBE levels out and approaches R, although μDBE is usually 
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greater than R within the period range shown in the figure.  Thus the ductility demand 
does not satisfy the “equal-displacement” principle.  When T is less than 2 seconds, μDBE 
increases with increasing T.  When T is short (< 1 second), μDBE begins to rise steeply and 
becomes very large.  μDBE depends significantly on the R value, particularly for structures 
with a fairly short T.  If R is increased from 4 to 8 for a structure with T near 0.5 seconds, 
the μDBE increases by around 14, or around 3 to 4 times the change in R. 
Figure 9.2 shows μDBE versus T for various values of βE with (a) R= 4,  k = 0.05; (b) R = 
8,  k = 0.05; (c) R = 4,  k = 0.10; (d) R = 8,  k = 0.10.  When R is small (e.g., 4), the 
changes in βE do not have a significant effect on μDBE.  When R is large (e.g., 8), changes 
in βE have a significant effect on μDBE when βE is small. 
Figure 9.3 shows μDBE versus T for various values of  k with (a) R= 4, βE = 0.25; (b) R = 
8, βE = 0.25; (c) R = 4, βE = 0.50; (d) R = 8, βE = 0.50.  There is a significant difference in 
μDBE when  k is small (near zero).  When T is short and R is large (e.g., 8), there is a 
significant difference in μDBE as  k varies.  
In general, μDBE is more sensitive to  k and βE for shorter periods and larger R values.  
The sensitivity of μDBE to  k, βE, and R when T is short, means that θDBE,dd may not be a 
reasonable estimate of θDBE,m for shorter SC-CBF structures.   
The other parameter effecting θDBE,dd is θD.  θD is important because it is amplified by 
μDBE in Equation 9.1 to estimate θDBE,dd.  As will be shown, small changes in θD can have 
a significant impact on θDBE,dd, particularly for SC-CBFs with relatively short T.  
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9.3 Study of Time-History Data and Parameters that Affect Drift Design Demands 
for SC-CBFs 
One of the questions that arises from the studying the parameters which influence θDBE,dd 
is how well do the parameter values for the archetype SC-CBFs estimated from cyclic 
static and time-history analysis match the design values for the parameters?  To answer 
this question, overturning moment (OM) versus roof drift (θr) hysteresis data were 
studied for each archetype SC-CBF structure.   
9.3.1 Study of αk  
Figures 9.4 through 9.21 contain OM versus θr hysteresis data for each archetype SC-
CBF.  Each figure shows five different plots (a through e).  Plot (a) shows OM versus θr 
time-history for one ground motion from ground motion Set I.  OM was calculated from 
restoring force data ({fr(t})).  θr was calculated from the lean-on column displacement at 
the top story divided by the height of the SC-CBF.  The ground motion chosen for Plot 
(a) has significant θr response in at least one direction; however, the PT steel did not 
yield.  Also shown on Plot (a) is a set of lines tracing the design values (i.e., the design 
curve, called Design Curve (2) in the plot) for OM versus θr calculated using the 
parameters selected in the design of the archetype SC-CBF.  The line from the origin to 
the “knee” was constructed from OM and θr at decompression (OMD and θD, 
respectively).  The post-decompression line was calculated using  k as defined in Section 
3.3.2.   
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The post-decompression stiffness of the SC-CBF is estimated from the fixed-base elastic 
stiffness of the SC-CBF (kelastic).  A value of  k that accounts for global second order (P-
Δ) effects ( k2) is calculated as:  
elastic
pd
k
k
k 2
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 GLi = the gravity load braced by the SC-CBF at floor level i 
 hSC-CBF,i = the height of the SC-CBF at floor level i 
 n = the total number of floors for the SC-CBF 
 APT = the total area of the PT steel 
 EPT = the modulus of elasticity for the PT steel 
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 LPT = the length of the PT steel 
 bSC-CBF = the centerline distance between the SC-CBF columns 
Note that the calculation of OMPD assumes the deflected shape of the SC-CBF is linear. 
The other parameters in Equation 9.7 through 9.11 were defined previously in Section 
3.3.2.   k that accounts for the post-decompression flexibility of the SC-CBF and second 
order effects ( kT) is calculated as:  
elastic
pdT
kT
k
k
  (9.12) 
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2
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Second order effects were not considered by Roke et al. (2010) when calculating  k. 
Plot (b) shows the OM versus θr hysteresis loop from the time-history analysis with the 
largest negative θr response.  Also shown in Plot (b), is OM versus θr for a cyclic static 
analysis hysteresis loop displacing the SC-CBF to a value of θr equal to that from the 
time-history hysteresis loop.  The cyclic static analysis uses the same nonlinear numerical 
simulation model used in the time-history analysis.  The force profile used in the cyclic 
static analysis is proportional to the first mode forces ({F1}).  Plot (b) also shows the 
design curve for OM versus θr (Design Curve (2) in plot (b)) calculated as described for 
plot (a).  Two other design curves are shown in plot (b).  These design curves were 
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calculated the same way as the design curve in plot (a), except with the global second 
order (P-Δ) effects included (calculated using  k2, Design Curve (3) in plot (b)); and with 
an estimate of the additional post-decompression elastic deformation of the SC-CBF 
included (calculated using  kT, Design Curve (4) in plot (b)).  Plot (c) is the same as Plot 
(b) except for positive θr.   
In Figures 9.4 through 9.21 the cyclic static analysis hysteresis loop represents the time-
history analysis hysteresis loops in plots (b) and (c) reasonably well.  Some of the 
differences between the cyclic static analysis and the time-history analysis hysteresis 
loops are due to path dependent behavior of the supplemental energy dissipation devices 
at the base of the SC-CBF columns for the #E, #EO and #EO-GL archetype SC-CBFs 
and higher mode effects on the lateral load bearings with friction for the # and #E 
archetype SC-CBFs. 
It is evident from comparing the design curves calculated using  k and  k2 (Design 
Curves (2) and (3), respectively) with the time-history data and static displacement 
history data in plots (b) and (c) in Figures 9.4 through 9.21, that global second order 
effects have a significant effect on the post-decompression stiffness.  Since the ratio of 
the post-decompression stiffness to the initial elastic stiffness is an important parameter 
for calculating θDBE,dd, then second order effects should be included.  When the design 
curve calculated using  kT (Design Curve (4)) is compared with with the design curve 
calculated using  k2 (Design Curve (3)) and the cyclic static analysis hysteresis loop, then 
in some cases for the shorter SC-CBFs the design curve calculated using  kT is a 
noticeably better estimate of the cyclic static analysis hysteresis loop compared to the 
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design curve calculated using  k2.  This noticeable improvement of the design curve 
calculated using  kT is only for the shorter SC-CBFs and is small enough compared to the 
design curve calculated using  k2 for taller SC-CBFs that it can be neglected when 
calculating θDBE,dd for taller SC-CBFs.   
9.3.2 Study of βE 
Plots (b) and (c) for Figures 9.4 through 9.21 show the calculated βE value for the time-
history hysteresis loop shown.  The calculated βE values for the time-history hysteresis 
loops in Plots (b) and (c), along with the design value for βE are summarized in Table 9.2.  
Also shown in Table 9.2 is an average of the βE values for the time-history hysteresis 
loops in Plots (b) and (c), which is taken to be an estimate of the βE for calculating roof 
drift design demands in Section 9.4. 
The calculated βE for the time-history hysteresis loops of the # archetype SC-CBFs are 
usually greater than the design βE for the taller SC-CBFs (9 stories and higher).  The βE 
for the time-history hysteresis loops for the 4-story SC-CBF is quite low compared to the 
the design βE in plot (b), but is much closer to the design βE in plot (c).   
The calculated βE for the time-history hysteresis loops of the #E archetype SC-CBFs are 
less than the design βE in several cases.  The maximum absolute difference between the 
βE for the time-history hysteresis loops and the design βE is 0.12 (Figure 9.10 plot (b) for 
the 6E-story SC-CBF).  The maximum percentage difference between βE for the time-
history hysteresis loops and the design βE is 24% (Figure 9.13 plot (b) for the 15E-story 
SC-CBF).  For many other cases the differences are much smaller. 
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For archetype SC-CBFs that have the supplemental yielding devices at the base of the 
SC-CBF columns as the only source of energy dissipation (#EO and #EO-GL SC-CBFs) 
the calculated βE values for the time-history hysteresis loops are consistently less than the 
design βE values.  The difference varies from 0.03 to 0.17, but many values of βE for the 
time-history hysteresis loops are about 0.10 less than the design βE.  The difference 
between the design βE and βE calculated for the time-history hysteresis loops is in part 
because the assumed shape for the hysteresis loop in the design calculations is different 
from the actual hysteresis loop for the yielding element, as follows.   
The calculation of the design βE assumes rigid-plastic behavior for the energy dissipation 
element.  The energy dissipation element in the nonlinear numerical simulation model 
used in the time-history analyses was modeled with a yielding element which included 
the Bauschinger effect, similar to a buckling restrained brace (BRB).  As a result, the 
energy dissipation element in the nonlinear numerical simulation model has path 
dependent behavior, meaning that the shape of the hysteresis loop for the current 
displacement cycle depends on the displacement history in prior cycles.  This behavior 
was shown in Figure 5.10 and is repeated here in Figure 9.22 for convenience.  Other 
types of supplemental energy dissipation devices may have different hysteresis loop 
shapes.  A constant slip force friction device would give a hysteresis loop shape that is 
closer to the shape assumed in design.  For SC-CBFs that have supplemental yielding 
energy dissipation devices as the only source of energy dissipation (e.g., BRB), it may be 
appropriate to reduce the design βE by about 0.10 to account for these differences in 
hysteresis loop shape. 
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9.3.3 Study of θD 
For the design of the archetype SC-CBFs in Chapter 4 a fixed column base, linear elastic 
analysis model was used to determine θD.  The nonlinear numerical simulation model 
used in the time-history analyses included both vertical and horizontal foundation 
flexibilities.  As discussed in Section 5.1.2.4, these flexibilities were established as a 
function of the first story SC-CBF column axial stiffness.  Plots (d) and (e) in Figures 9.4 
through 9.21, compare OM versus θr hysteresis loops from time-history analysis, cyclic 
static analysis, and three design curves.  The first design curve (Design Curve (2) in plots 
(d) and (e)) is the design curve which uses a fixed column base, linear elastic analysis 
model to determine θD and uses  k to determine the post decompression portion of the 
curve.  The second design curve (Design Curve (6) in plots (d) and (e)) uses a linear 
elastic analysis model with vertical foundation flexibility similar to the flexibility in the 
nonlinear numerical simulation model to calculate θD and uses  kT to determine the post 
decompression portion of the design curve.  The third design curve (Design Curve (7) in 
plots (d) and (e)) uses a linear elastic analysis model with vertical and horizontal 
foundation flexibility similar to the flexibility in the nonlinear numerical simulation 
model to calculate θD and uses  kT to determine the post decompression portion of the 
design curve.  When supplemental yielding energy dissipation devices were included in 
the SC-CBF design, the elastic stiffness of these devices were included in the linear 
elastic analysis model corresponding to Design Curves (6) and (7) in plots (d) and (e).  
This stiffness was modeled by an elastic truss element that goes from the first story 
beam-column node to the foundation level.   
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Plots (d) and (e) in Figures 9.4 through 9.21 show there is little difference between the 
curves that include only vertical foundation flexibility and the curves that include both 
horizontal flexibility in the post-decompression portion of the curve.  The figures also 
show that θD is influenced significantly by the vertical foundation flexibility.  The 
vertical foundation flexibility has more influence on θD for shorter SC-CBFs.   
9.4 Parameter Study of Drift Design Demands 
Shown in Table 9.3 are the factored roof drift design demands (Cξ∙θDBE,fdd) recalculated 
considering the updated estimate of βE from Table 9.2.  Updated estimates of βE generally 
improve the estimate of the median θr,Peak for the shorter SC-CBFs, however, for the 
taller SC-CBFs, the results are inconsistent.  For the taller SC-CBFs, in some cases, better 
estimates of the median θr,Peak are achieved, while in other cases, the updated estimate of 
βE results in increasingly conservative results.  In order to obtain more realistic estimates 
of the median θr,Peak for shorter SC-CBF (less than 6 stories) it is suggested that the 
design value of βE be reduced.  The amount of reduction (if any) of βE is left to discretion 
of the design engineer and should be based on the source of energy dissipation (e.g., 
lateral load bearings with friction, supplemental yielding energy dissipation devices).  
Figures 9.23 through 9.25 show θr,Peak for the archetype SC-CBFs subjected to ground 
motion Set I.  Figures 9.26 through 9.28 show θs,Peak for archetype SC-CBFs subjected to 
ground motion Set I.  Also shown in Figures 9.23 through 9.28, are the factored roof drift 
design demands from Chapter 4 (Cξ∙θDBE,fdd), which use  k; a revised Cξ∙θDBE,fdd (listed in 
Table 9.3) that accounts for the vertical foundation flexibility when determing θD and 
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uses  kT; and a revised Cξ∙θDBE,fdd (listed in Table 9.3) that accounts for the vertical and 
horizontal foundation flexibility when determing θD and uses  kT.  In all cases γθ = 1.0 
when determining θDBE,fdd and  k is used in the calculation of βE.  T1 used in the 
calculation of θDBE,fdd is from the linear elastic analysis model used to determine θD.  
When  kT is less than zero (see, for example, Figure 9.9, Figure 9.12, Figure 9.14 and 
Figure 9.18), zero is used for  kT in the calculation of θDBE,fdd because the Seo (2005) 
formulas for μDBE do not consider the possibility of negative  k.  In Figures 9.23 through 
9.28, the range of the vertical axis was adjusted to better show the statistical values and 
design values, although this adjustment resulted in cutting cut a few infividual data points 
from time-history analyses off of the plot.  The data points that were cut off of the plot 
are included in calculation of the median value.  Note that the differences between βE 
from the time-history analysis and the design βE were not considered in the parameter 
study.   
Figure 9.23 (for the # archetype SC-CBFs) shows that there is very little difference 
between Cξ∙θDBE,fdd calculated accounting for the vertical foundation flexibility and 
Cξ∙θDBE,fdd calculated accounting for both the vertical and horizontal foundation flexibility 
for SC-CBFs of 6-stories and above.  The median θr,Peak is over-estimated by Cξ∙θDBE,fdd 
for all but the 4-story SC-CBF for the cases when  kT is used and when the foundation 
flexibility is accounted for in the calculation of Cξ∙θDBE,fdd.  For the 4-story SC-CBF, 
when both the vertical and horizontal foundation flexibilities are included when 
calculating Cξ∙θDBE,fdd, the median θr,Peak is under-estimated by about 5%.  Cξ∙θDBE,fdd 
over-estimates θr,Peak for the taller SC-CBFs.  This over-estimate for the taller SC-CBFs 
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may be attributed, in part, to decreasing spectral displacement demands in ground motion 
Set I (relative to the design spectra) as the period lengthens (see Figure 6.34).  The 
fundamental period of the SC-CBF lengthens as the SC-CBF rocks, therefore the period 
for SC-CBFs with longer elastic first mode periods (e.g., T1 for 18-story SC-CBF is 3.30 
seconds, see Table 4.82) may lengthen into the period range (greater than 4.0 seconds, 
see Figure 6.34) where the spectral displacement demand falls below the demand for the 
design spectrum.  Additionally, the over-estimate of θr,Peak by Cξ∙θDBE,fdd for the taller SC-
CBFs may also be due to the increasing elastic flexibility of the SC-CBF and higher 
mode response as the height of the SC-CBF increases.   
Figure 9.26 shows that Cξ∙θDBE,fdd is close to the median peak story drift, θs,Peak for some 
of the taller SC-CBFs when the foundation flexibility is accounted for in the calculation 
of Cξ∙θDBE,fdd.  If the SC-CBF deforms as a rigid body when rocking, then the median 
θr,Peak and median θs,Peak would be the same.  However, as the elastic flexibility of the SC-
CBF increases and higher modes contribute more to the response for taller SC-CBFs, the 
difference between the median θr,Peak and median θs,Peak increases, with the median θs,Peak 
being larger than the median θr,Peak.  Since, Cξ∙θDBE,fdd over-estimates the median θr,Peak 
for taller SC-CBFs, it is reasonable that Cξ∙θDBE,fdd could be close to θs,Peak. 
The trends in Figures 9.24 and 9.27 are generally similar to those in Figures 9.23 and 
9.26.  Figure 9.24 shows that the median θr,Peak is under-estimated by Cξ∙θDBE,fdd by about 
8% for the 6E-story SC-CBF when  kT is used and when the vertical and horizontal 
foundation flexibilities are included when calculating Cξ∙θDBE,fdd.  Figure 9.27 shows that 
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including  kT and the foundation flexibility when calculating Cξ∙θDBE,fdd results in 
reasonable estimates of the median θs,Peak for most of the #E archetype SC-CBFs. 
Figure 9.25, for the #EO-GL archetype SC-CBFs, shows  kT and that the vertical 
foundation flexibility should be included when calculating Cξ∙θDBE,fdd for the 6 and 9 EO-
GL-story SC-CBFs to get a reasonable estimate of the median θr,Peak.  For the 4EO-GL-
story SC-CBF, even when both vertical and horizontal foundation flexibilities are 
included when calculating Cξ∙θDBE,fdd, the median θr,Peak is still under-estimated by 20%.  
Figure 9.28 shows that the median θs,Peak is under-estimated by Cξ∙θDBE,fdd for the 4EO-
GL, 6EO-GL and 9EO-GL-story SC-CBFs by 27%, 13% and 19%, respectively, even 
when  kT and the vertical and horizontal foundation flexibilities are included in the 
calculation.  However, for all of the other #EO-GL-story SC-CBFs, Cξ∙θDBE,fdd is within 
10% of θs,Peak when the vertical and horizontal foundation flexibilities are are included in 
the calculations. 
9.5 Proposed Changes to Method for Calculating Roof Drift Design Demand 
The data presented in this chapter shows that global second order effects should be 
included in the analysis model used to calculate Cξ∙θDBE,fdd.  Therefore, it is proposed that 
 kT be used in calculations of Cξ∙θDBE,fdd.  It was also shown that including the foundation 
flexibility in the analysis model can have a significant effect on how closely Cξ∙θDBE,fdd 
estimates the median θr,Peak, particularly for short SC-CBFs.  Therefore, it is proposed 
that the vertical and horizontal foundation flexibility be included in the linear elastic 
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analysis model when determining the parameters (e.g., θD, T1,Def) used to calculate 
Cξ∙θDBE,fdd.   
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Table 9.1 – Regression coefficients a, b, c, and d for Equations 9.4 and 9.5 (Seo 2005) 
 
Site 
Class 
βE 
(%) 
a b c d 
C 
0 0.636 0.306 0.713 0.111 
12.5 0.569 0.264 0.769 0.115 
25 0.515 0.222 0.816 0.113 
100 0.412 0.498 0.904 -0.415 
D 
0 0.729 0.399 0.624 0.0657 
12.5 0.657 0.327 0.678 0.0756 
25 0.597 0.288 0.728 0.0677 
100 0.457 0.500 0.872 -0.305 
 
Table 9.2 – Summary of βE values calculated from time-history hysteresis loops for plot 
(b) and plot (c) of Figures 9.4 through 9.21 and the design βE 
 
Archetype 
SC-CBF 
βE,Design 
βE,Time-History 
from plot (b) 
βE,Time-History 
from plot (c) 
βE,Estimated 
4-story 0.51 0.28 0.44 0.36 
6-story 0.36 0.33 0.35 0.34 
9-story 0.20 0.35 0.32 0.34 
12-story 0.14 0.25 0.27 0.26 
15-story 0.11 0.19 0.29 0.24 
18-story 0.086 0.059 0.12 0.090 
6E-story 0.52 0.41 0.54 0.48 
9E-story 0.47 0.38 0.38 0.38 
12E-story 0.48 0.48 0.48 0.48 
15E-story 0.45 0.34 0.47 0.41 
18E-story 0.46 0.43 0.44 0.44 
9EO-story 0.46 0.37 0.37 0.37 
4EO-GL-story 0.47 0.30 0.34 0.32 
6EO-GL-story 0.46 0.34 0.35 0.35 
9EO-GL-story 0.48 0.35 0.38 0.37 
12EO-GL-story 0.43 0.36 0.37 0.37 
15EO-GL-story 0.45 0.37 0.42 0.40 
18EO-GL-story 0.43 0.36 0.39 0.38 
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Table 9.3 – Effect of βE and foundation flexibility on roof drift design demand 
 
Archetype 
SC-CBF 
Cξ∙θDBE,fdd (% rad) 
Median θr,Peak (% rad) βE,Design 
RF* 
βE,Estimated 
RF* 
βE,Design 
VFF** 
βE,Design 
VHFF*** 
4-story 1.02 1.10 1.17 1.23 1.29 
6-story 1.51 1.52 1.57 1.56 1.47 
9-story 1.52 1.39 1.61 1.60 1.60 
12-story 1.51 1.36 1.64 1.64 1.39 
15-story 1.51 1.39 1.65 1.65 1.33 
18-story 1.66 1.66 1.79 1.79 1.21 
6E-story 1.36 1.38 1.39 1.39 1.50 
9E-story 1.38 1.43 1.53 1.53 1.50 
12E-story 1.39 1.39 1.49 1.49 1.27 
15E-story 1.39 1.40 1.47 1.47 1.14 
18E-story 1.41 1.41 1.46 1.46 1.08 
9EO-story 1.29 1.33 -- -- 1.51 
4EO-GL-story 0.99 1.06 1.06 1.16 1.39 
6EO-GL-story 1.32 1.38 1.39 1.38 1.47 
9EO-GL-story 1.28 1.33 1.34 1.34 1.45 
12EO-GL-story 1.37 1.40 1.41 1.41 1.35 
15EO-GL-story 1.32 1.34 1.36 1.36 1.24 
18EO-GL-story 1.38 1.39 1.41 1.41 1.14 
*Rigid foundation in numerical model (drift demand estimate is from Chapter 4) 
**Vertical foundation flexibility considered in numerical model and  kT is used 
**Vertical and horizontal foundation flexibility considered in numerical model and  kT is used 
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Figure 9.1 – μDBE versus period (T) for various values of R when (a) βE = 0.25,  k = 0.05; 
(b) βE = 0.50,  k = 0.05; (c) βE = 0.25,  k = 0.10; (d) βE = 0.50,  k = 0.10. 
(a) 
(b) 
(c) 
(d) 
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Figure 9.2 – μDBE versus period (T) for various values of βE when (a) R= 4,  k = 0.05; (b) 
R = 8,  k = 0.05; (c) R = 4,  k = 0.10; (d) R = 8,  k = 0.10. 
(a) 
(b) 
(c) 
(d) 
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Figure 9.3 – μDBE versus period (T) for various values of  k when (a) R= 4, βE = 0.25; (b) 
R = 8, βE = 0.25; (c) R = 4, βE = 0.50; (d) R = 8, βE = 0.50. 
(a) 
(b) 
(c) 
(d) 
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                                                                        (a)             
 
                                   (b)                                                                   (c)                
 
                                   (d)                                                                   (e)                
Figure 9.4 – Plot of hysteresis and design data for 4-story SC-CBF  
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                                   (b)                                                                   (c)                
 
                                   (d)                                                                   (e)                
Figure 9.5 – Plot of hysteresis and design data for 6-story SC-CBF  
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                                   (b)                                                                   (c)                
 
                                   (d)                                                                   (e)                
Figure 9.6 – Plot of hysteresis and design data for 9-story SC-CBF 
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                                   (b)                                                                   (c)                
 
                                   (d)                                                                   (e)                
Figure 9.7 – Plot of hysteresis and design data for 12-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.8 – Plot of hysteresis and design data for 15-story SC-CBF  
607 
 
 
 
                                                                        (a)             
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                                   (d)                                                                   (e)                
Figure 9.9 – Plot of hysteresis and design data for 18-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.10 – Plot of hysteresis and design data for 6E-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.11 – Plot of hysteresis and design data for 9E-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.12 – Plot of hysteresis and design data for 12E-story SC-CBF  
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Figure 9.13 – Plot of hysteresis and design data for 15E-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.14 – Plot of hysteresis and design data for 18E-story SC-CBF  
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Figure 9.15 – Plot of hysteresis and design data for 9EO-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.16 – Plot of hysteresis and design data for 4EO-GL-story SC-CBF  
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Figure 9.17 – Plot of hysteresis and design data for 6EO-GL-story SC-CBF  
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Figure 9.18 – Plot of hysteresis and design data for 9EO-GL-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.19 – Plot of hysteresis and design data for 12EO-GL-story SC-CBF  
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Figure 9.20 – Plot of hysteresis and design data for 15EO-GL-story SC-CBF  
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                                   (d)                                                                   (e)                
Figure 9.21 – Plot of hysteresis and design data for 18EO-GL-story SC-CBF  
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Figure 9.22 – Axial force versus axial deformation for supplemental yielding energy 
dissipation device at base of SC-CBF demonstrating path-dependent behavior 
 
 
Figure 9.23 – Comparison of design demands with time-history peak roof drift demands 
(θr,Peak) for the # archetype SC-CBFs subjected to ground motion Set I 
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Figure 9.24 – Comparison of design demands with time-history peak roof drift demands 
(θr,Peak) for the #E archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 9.25 – Comparison of design demands with time-history peak roof drift demands 
(θr,Peak) for the #EO-GL archetype SC-CBFs subjected to ground motion Set I 
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Figure 9.26 – Comparison of design demands with time-history peak story drift demands 
(θs,Peak) for the # archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 9.27 – Comparison of design demands with time-history peak story drift demands 
(θs,Peak) for the #E archetype SC-CBFs subjected to ground motion Set I 
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Figure 9.28 – Comparison of design demands with time-history peak story drift demands 
(θs,Peak) for the #EO-GL archetype SC-CBFs subjected to ground motion Set I 
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CHAPTER 10 
PROPOSED DESIGN PROCEDURE FOR SC-CBFS 
Previous chapters of this document studied the first generation design procedure for SC-
CBFs developed by Roke et al. (2010) applied to archetype SC-CBFs over a range of 
heights.  The archetype SC-CBF designs were assessed using results from time-history 
analyses.  Shortcomings of the Roke et al. (2010) design procedure for estimating 
member force design demands and roof drift design demands were identified.  Changes 
and alternatives to the Roke et al. (2010) design procedure for estimating member force 
design demands and roof drift design demands were proposed and studied.  A second 
generation design procedure for SC-CBFs was developed from the results of these 
studies, which is outlined in this chapter.  Limitations and assumptions of the design 
procedure are summarized.   
10.1 Proposed Second Generation Design Procedure for SC-CBFs 
Throughout the design procedure a numerical model is used to determine design 
parameters, such as member forces and drifts.  This numerical model is referred to as the 
linear elastic analysis model throughout this chapter.  The basic elements of the linear 
elastic analysis model are shown in Figure 10.1.  The model includes the SC-CBF 
columns, braces, beams, distribution strut, and a lean-on column.  Any adjacent gravity 
columns and the base strut are not included in the linear elastic analysis model.  The lean-
on column is laterally constrained to an SC-CBF column.  The lean-on column is 
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restrained in the vertical and horizontal direction at the base (pinned).  The boundary 
conditions at the base of the SC-CBF columns are modeled with springs.  When 
determining some parameters in design these springs may be modeled as rigid (no 
flexibility), while in other cases (e.g., when determining drift demands), the springs will 
model the foundation flexibility.  
The second generation design procedure for SC-CBFs can be summarized in 25 steps.  
The first 9 steps are general.  Steps 10 through 19 are intended to prevent yield of the SC-
CBF members under the DBE in accordance with the performance objectives described 
in Section 3.3.1.  Steps 20 through 25 are intended to control yielding of the PT steel 
under the DBE (see Section 3.3.1).  These 25 steps are as follows. 
1. Determine the gravity loads on the total structure and tributary to the SC-CBF. 
2. Determine the seismic mass tributary to the SC-CBF. 
3. Estimate the initial SC-CBF member sizes. 
4. Determine the modal properties of the SC-CBF (ϕn, Tn, Mn, Γn, {F1}, h1
*
, M1
*
, 
Mtotal) using the linear elastic analysis model.  The springs at the base of the linear 
elastic analysis model may be modeled as rigid for this step. 
5. Define the design (acceleration) spectrum (SADS) using ASCE 7-10. 
6. Determine the design spectral acceleration values for the higher modes (SADS,n). 
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7. Determine {FELF} for the SC-CBF using ASCE 7-10 and calculate OMelastic from 
Equation 3.11.  The period used to determine {FELF} is T1, subject to the period 
restrictions of ASCE 7-10 Section 12.8.2. 
8. Select the area and initial prestress force ratio (rPT) for the post-tensioning steel 
and select the strength of the supplemental energy dissipation element (VED). 
9. Calculate the required design parameters (OMD, OMY, and OM1), using Equations 
3.13 through 3.16. Calculate βSC from Equation 3.22.  If βSC is greater than 0.5, 
iterations of Step 8 and 9 are required. 
10. Determine the spectral accelerations that will cause an overturning moment 
demand equivalent to OMD and OMY ( D1 (Equation 3.33) and  Y,1 (Equation 
3.40), respectively). 
11. Determine the modal lateral forces ({FM,n}) from the modal properties and  Y,1 for 
the first mode (Equation 3.40) and SADS,n for the higher modes (Equation 3.41). 
12. Determine the SC-CBF modal member force design demands (Fn,x,dd) from 
analysis of a fixed column base, linear elastic analysis model under {FM,n}.  The 
springs at the base of the linear elastic analysis model may be modeled as rigid for 
this step. 
13. Amplify Fn,x,dd by γn to determine the factored modal member force design 
demands (Fn,x,fdd  = γn∙Fn,x,dd). 
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14. Combine Fn,x,fdd using the 2CQC-25 modal combination procedure (Section 8.2.2) 
to obtain the combined factored member force design demands from the seismic 
lateral forces (FComb,x,fdd). 
15. Determine the SC-CBF internal member forces due to the “capacity loads” (Fx,CL) 
from analysis of the linear elastic analysis model under PTY,fdd (Equation 8.20), 
VED, and WSC-CBF.  The springs at the base of the linear elastic analysis model may 
be modeled as rigid for this step. 
16. Determine the SC-CBF internal member forces due to any external gravity loads 
applied to the SC-CBF (Fx,GL) from analysis of the linear elastic analysis model 
under the factored gravity loads from ASCE 7-10.  The springs at the base of the 
linear elastic analysis model may be modeled as rigid for this step. 
17. Add the absolute value of the member forces from Steps 14, 15, and 16 together 
to determine the total factored member force design demands  (Fx,fdd = |FComb,x,fdd| 
+ |Fx,CL| + |Fx,GL|) for all of the SC-CBF members except the horizontal base strut. 
18. The factored member axial force design demand (Fx,fdd) for the horizontal strut 
between the base of the SC-CBF columns is taken as one-half of the combined 
base shear from Step 14. 
19. Check Fx,fdd against the member capacities.  If Fx,fdd exceeds the member 
capacities, iterations of Step 3 through Step 19 of the design procedure are 
required. 
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20. Determine the first mode period of SC-CBF (T1,Def) using the linear elastic 
analysis model.  The vertical and horizontal springs at the SC-CBF column bases 
in the linear elastic analysis model should be set to the represent the vertical and 
horizontal foundation stiffnesses in the constructed SC-CBF structure.  The 
rotational springs have negligible stiffness in this step. 
21. Determine {FELF,mod} and OMelastic,drift (see Section 3.3.4) for use in calculating 
RA,D-Drift. 
22. Determine the roof drift at decompression (θD) of the SC-CBF (Equation 3.32) 
from analysis of the linear elastic analysis model under the lateral force profile 
 D1∙{F1} (see Equation 3.6 for calculation of {F1}).  The vertical and horizontal 
springs at the SC-CBF column bases in the linear elastic analysis model should be 
set to the represent the vertical and horizontal foundation stiffnesses in the 
constructed SC-CBF structure.  The rotational springs have negligible stiffness in 
this step. 
23. Calculate the required additional design parameters RA, RA,D-Drift, kelastic, kpdT,  kT, 
βE, OMDBE, Cξ, μDBE, and θDBE,dd from Equations 3.18, 3.45, 3.31, 9.13, 9.12, 3.20, 
3.38, 3.46 through 3.48, 3.25 and 3.24, respectively.   
24. Calculate the factored roof drift design demand under DBE (θDBE,fdd) from 
Equation 3.34.  Any correction for the assumed damping ratio (Cξ∙θDBE,fdd) should 
be made (see Section 3.3.5). 
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25. Calculate the roof drift at nominal PT bar yielding (θY,n) from Equation 3.35 and 
check if Cξ∙θDBE,fdd ≤ θY,n.  If Cξ∙θDBE,fdd ≥ θY,n then iterations of Steps 8 through 25 
of the design procedure are required.  Determine the story drift design demand 
(θstory,dd) from θDBE,dd using the relationships shown in Figure 7.9 between median 
peak story drift and median peak roof drift.  Check if θstory,dd is less than any code 
required or other drift limit. 
Once the steps of the design procedure have been completed for the first time, additional 
iterations through Steps 3 through 25 are to be undertaken until the SC-CBF member 
capacities exceed Fx,fdd, βSC ≤ 0.50, Cξ∙θDBE,fdd ≤ θY,n, and θstory,dd is less than any target 
drift limit.  
For Step 1, the gravity loads of the building braced by the SC-CBF are used in the the 
linear elastic analysis model to account for second order effects.  Depending on the 
layout of the building and the type of SC-CBF, some gravity load may be imposed 
directly on the SC-CBF.  For SC-CBFs where the gravity framing attaches directly to the 
SC-CBF (without a gravity column immediately adjacent to the SC-CBF column), the 
gravity loads acting on the SC-CBF members are also determined. 
The seismic mass tributary to the SC-CBF is determined for Step 2 as it would be for a 
conventional structure. 
The initial member sizes can be estimated in Step 3 by prior experience or from a 
conventional SCBF design with R = 3.  The members in the SC-CBF should meet 
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compactness requirements for SCBF members, unless further research shows this 
requirement can be relaxed.   
The ϕn and Tn are determined in Step 4 using the linear elastic analysis model of the SC-
CBF.  For the designs in Chapter 11 the foundation springs were modeled as rigid during 
this step.  Additional modal properties Mn, Γn, {F1}, h1
*
, M1
*
, and Mtotal are calculated 
from Equations 3.4 through 3.9, respectively.   
The design spectrum for the site of the SC-CBF building is defined in Step 5 using ASCE 
7-10 Section 11.4.5 (ASCE 2010) or an equivalent building code provision.  Then the SAn 
values for the higher modes (SADS,n) are determined from the design spectrum in Step 6. 
{FELF} (defined in Section 3.3.2) is calculated in Step 7 and then used to calculate 
OMelastic (Equation 3.11).  OMelastic is used later to calculate RA for comparison with 
conventional lateral force resisting systems.   
For Step 8 the area and initial prestress force ratio (rPT) for the PT steel are determined.  
It should be noted that the design procedure described here is for PT steel bars with large 
ductility (~8% strain) before fracture.  Further consideration of this issue and changes to 
the design procedure will have to be made if the designer wishes to use PT strands.  The 
reason that changes would have to be made to the design procedure to use PT strands is 
that reliable post-yielding ductility is not available for some PT strand anchorage 
systems.   
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The area and rPT for the PT steel can be selected from previous experience, or for the 
initial iteration, the designer can estimate the needed area of PT steel using the following 
equation. 
PTY
PT
elastic
initialPT
b
OM
A
,
,
5.08



 (10.1)
 
where,  
bPT = horizontal distance from the location of the PT steel to the SC-CBF column 
that will be in contact with the foundation after uplift of one of the SC-CBF 
columns 
 PTY ,  is the yield stress of the PT steel 
The factors 8 and 0.5 are an estimated response modification coefficient for the SC-CBF 
and an estimated initial rPT, respectively. 
The type of supplemental energy dissipation device (e.g., constant force-deformation 
friction dampers, yielding devices) and the strength of the supplemental energy 
dissipation device (VED) are also selected in Step 8. 
In Step 9, several important design parameters are calculated.  These design parameters 
are OMD, OMY, and OM1 and are calculated using Equations 3.13 through 3.16.  These 
equations for OMD and OMY apply to the case where the PT steel is located at the center 
of the SC-CBF (not the column lines), lateral load bearings are used between the SC-CBF 
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column and an adjacent gravity column, and any supplemental energy dissipation devices 
are located at the centerline of the SC-CBF columns.  The supplemental energy 
dissipation devices are assumed to be constant force-deformation type devices (e.g., 
friction dampers).  No gravity load is applied to the SC-CBF members.  If different 
conditions are used in the design of the SC-CBF, then equations for OMD and OMY must 
be modified to reflect the conditions. 
βSC is a measure of the capability of the SC-CBF to self-center and is determined in Step 
9 using Equation 3.22.  βSC should be less than 0.50 to ensure that the SC-CBF will self-
center.  If βSC is greater than 0.50 either VED or rPT in Step 8 may be adjusted.  
Step 10 calculates SA values, denoted  D1 and  Y,1, that will cause overturning moment 
demands equivalent to OMD, and OMY, respectively, assuming a lateral force pattern 
proportional to {F1}.   D1 and  Y,1 are calculated from Equation 3.33 and 3.40, 
respectively.  
In Step 11, the first mode lateral forces {F M,1} are determined using the modal properties 
from Step 4 and  Y,1, while the higher mode lateral forces ({F M,n}) are determined using 
the modal properties from Step 4 and SADS,n from Step 6. 
In Step 12, {FM,n} are applied to the linear elastic analysis model to determine the modal 
member force design demands (Fn,x,dd).  Appropriate gravity loads should be applied to a 
lean-on column in the linear elastic analysis model for each mode so that second order 
effects are properly accounted for.  For the designs in Chapter 11 the foundation springs 
were modeled as rigid during this step.  Any frictional forces that would be present in the 
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lateral load bearings should be applied to the SC-CBF columns in the linear elastic 
analysis model for each mode.  Figure 10.2 shows a schematic of the linear elastic 
analysis model for a 4-story SC-CBF to determine Fn,x,dd for {FM,2}. 
It was shown in Chapter 8 that to estimate a member force design demand with a small 
probability of exceedance under the DBE, Fn,x,dd must be factored.  In Step 13, Fn,x,dd are 
factored using γn from Chapter 8 to get Fn,x,fdd.  For design of SC-CBFs, γ1 is determined 
from Equation 8.19 while γn for the higher modes are determined from Equation 8.18.  
Fn,x,dd is factored by γn so that Fx,fdd in Step 17 will have a 5% to 10% probability of 
exceedance under the DBE.  This small probability of exceedance is required so that the 
performance objectives of Section 3.3.1 are met. 
After Fn,x,fdd for each mode is determined they are combined in Step 14 using a modal 
combination procedure to get FComb,x,fdd.  A modal combination procedure appropriate for 
SC-CBFs was studied in Chapter 8 and was labeled 2CQC-25.  This modal combination 
procedure combines the modal responses separately twice, and then takes the maximum 
of the two combined modal responses as the final result for the combined modal 
responses (Equation 8.7).  The cross-modal correlation coefficients (ρin) used in the 
modal combination procedure are found in Equations 8.8 and 8.9.  The 2CQC-25 
procedure is recommended for design of SC-CBFs structures because other well-known 
modal combination techniques do not give adequate estimates for SC-CBF member 
forces across a range of SC-CBF heights. 
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FComb,x,fdd was determined in Step 14, but up to this point in the design procedure the 
internal SC-CBF member forces for the loads from PTY,fdd (Equation 8.20), VED, and WSC-
CBF have not been accounted for.  The PT steel yield force and forces from supplemental 
energy dissipation devices such as yielding elements or friction devices have reasonably 
well defined yield or slip forces.  Here in this document these types of forces are called 
“capacity loads”.  In Step 15, the internal member forces are determined from an analysis 
of the linear elastic analysis model considering second order effects under PTY,fdd, VED, 
and WSC-CBF (Fx,CL).  Figure 10.3 shows a schematic of the loads applied to a 4-story SC-
CBF with lateral load bearings and supplemental energy dissipation devices when 
determining Fx,CL.  For the designs in Chapter 11 the foundation springs were modeled as 
rigid during this step. 
For some SC-CBF configurations the gravity framing will attach directly to the SC-CBF 
and impose some gravity load on the SC-CBF.  If gravity loads are imposed on the SC-
CBF from floor framing then these factored gravity loads are applied to the linear elastic 
analysis model in Step 16 to determine the internal member forces due to gravity loads 
(Fx,GL).  Second order effects are considered in the numerical model.  The factors on the 
gravity load are taken from the appropriate load combinations in ASCE 7-10 (ASCE 
2010).  For the designs in Chapter 11 the foundation springs were modeled as rigid 
during this step. 
In Step 17, the factored member force design demand (Fx,fdd) is determined as the 
arithmetic sum of the absolute value of FComb,x,fdd, Fx,CL, and Fx,GL (Fx,fdd = |FComb,x,fdd| + 
|Fx,CL| + |Fx,GL|). 
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Fx,fdd for the axial force in the base strut is determined in Step 18.  The base strut is not 
included in the linear elastic analysis model.  Instead, the base strut is designed for an 
axial force equal to 50% of the combined factored base shear from Step 14. 
Once Fx,fdd are determined for all of the SC-CBF members the design demands are 
compared against the member capacities in Step 19.  This is the final step in evaluating 
the SC-CBF members for the design iteration. 
In Step 20, the first mode period (T1,Def) is determined using the linear elastic analysis 
model with appropriately factored gravity loads and considering second order effects. 
When calculating T1,Def, the vertical and horizontal springs at the SC-CBF column bases 
in the linear elastic analysis model should be set to the represent the vertical and 
horizontal foundation stiffnesses in the constructed SC-CBF structure.  T1,Def  will be 
longer than T1 from Step 4 if if rigid foundation springs were used in Step 4.  T1,Def, is 
used for drift demand estimates.   
A new vector of lateral forces determined using the ELF procedure with R = 1 
({FELF_mod}) are calculated in Step 21 (see Section 3.3.4).  {FELF_mod} is similar to {FELF} 
calculated in Step 7, but the limitation on the period in Section 12.8.2 in ASCE 7-10 
(ASCE 2010) are ignored and T1,Def is used to calculate CS.  {FELF_mod} is used to 
calculate OMelastic,drift, which is used to calculate RA,D-Drift.      
In Step 22, the roof drift at decompression (θD) is determined by scaling {F1} from 
Equation 3.6 by  D1 from Equation 3.33 to obtain a lateral force profile ({FD}) that 
produces an overturning moment equivalent to OMD.  {FD} is applied to the linear elastic 
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analysis model with appropriately factored gravity loads and considering second order 
effects.  When calculating θD, the vertical and horizontal springs at the SC-CBF column 
bases in the linear elastic analysis model should be set to the represent the vertical and 
horizontal foundation stiffnesses in the constructed SC-CBF structure.  It is important to 
model the expected foundation flexibility when determining θD so an appropriate estimate 
roof drift design demand is obtained (see Section 9.3.3 and Section 9.4).  
Several important design parameters are calculated in Step 23.  These parameters are 
used for drift estimates and to assess the SC-CBF design.  These parameters are: RA, RA,D-
Drift, kelastic, kpdT,  kT, βE, OMDBE, Cξ, μDBE, and θDBE,dd and are determined from Equations 
3.18, 3.45, 3.31, 9.13, 9.12, 3.20, 3.38, 3.46 through 3.48, 3.25 and 3.24, respectively.  
RA is a calculated response modification coefficient that is similar to the R values used for 
many seismic structural systems currently available in building code provisions.  RA is 
used to compare the SC-CBF with conventional seismic lateral forces resisting systems.  
RA is dependent on the design characteristics of the SC-CBF, which is different from 
conventional seismic structural systems, where the R value is specified based on system 
type.  
RA,D-Drift is a response modification coefficient that used in drift calculations.  RA,D-Drift is 
similar to RA but uses OMelastic,drift instead of OMelastic. RA,D-Drift accounts for the 
expectation that drift demand is primarily a first mode response.  kelastic is a measure of 
the initial lateral elastic stiffness of the SC-CBF.  kpdT is the post-decompression stiffness 
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considering second-order effects.   kT is the ratio of the post-decompression stiffness of 
the SC-CBF (kpdT) to the elastic stiffness of the SC-CBF (kelastic). 
βE is a measure of the energy dissipated by the SC-CBF relative to a conventional 
hysteretic system  βE compares the idealized hysteresis loop of an SC-CBF system to the 
idealized hysteresis loop for and equivalent bilinear elastic-plastic system (see Section 
3.3.2).  When lateral load bearings with friction are used, βE is dependent on the roof drift 
design demand (θDBE,dd) (and thus overturning moment), but the calculation of θDBE,dd is 
dependent on βE.  Therefore, it is necessary to estimate an initial value of βE and then 
iteratively calculate the expected roof drift under the DBE and βE, until βE converges.  
The initial value of βE can be calculated as: 
  
D
CBFSCED
YinitialE
OM
bV  15.01,   (10.2) 
Note that Equation 10.2 is for SC-CBFs that have lateral load bearings.  If the gravity 
framing attaches directly to the SC-CBF then Equation 10.2 will need to be modified to 
reflect this change.  The iterative value of βE is calculated from Equation 3.20. 
OMDBE is the expected overturning moment demand under the DBE and generally should 
not exceed OMY, otherwise the SC-CBF should be redesigned.   
Cξ is a damping correction factor to account for modal damping other than 5% of critical.  
A discussion of Cξ is found in Section 3.3.5.  Cξ typically would not be used by practicing 
engineers to design SC-CBFs.  However, for this research Cξ is being applied to certain 
drift design demands to better estimate median drift demand under the DBE because the 
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nonlinear numerical simulation model used in the time-history analyses has a first mode 
damping ratio less than 5%.  Cξ is calculated from relationships from Newmark and Hall 
(1982) given in Equations 3.46 through 3.48, and is dependent on the portion of the 
design spectrum (constant acceleration, constant velocity, constant displacement) that the 
(first) mode period falls into.   
The expected ductility demand under the DBE (μDBE) is estimated using a set of formulas 
developed by Seo (2005) for self-centering systems.  These formulas are given in 
Equations 3.25 through 3.28.  In these equations T1,Def is used for T1,  kT is used for  k, 
and RA,D-Drift is used for R.  If  kT is less than zero, then a value of zero is used for  kT, 
since the Seo (2005) formulas do not account for negative post-decompression stiffness. 
θDBE,dd is calculated using Equation 3.24, and as was stated in Section 3.3.2, θDBE,dd 
should be an estimate of the median peak roof drift under the DBE (θDBE,m).  Since the 
bias between θDBE,dd and θDBE,m is assumed to be zero, then the probability of the peak 
roof drift demand under the DBE (θr,Peak) exceeding θDBE,dd is 50% (Roke et al. 2010).  If 
a smaller probability of exceedance is desired then θDBE,dd must be factored.  The factor 
that is used to decrease the probability of exceedance is called γθ.  γθ is determined by the 
engineer, but if the engineer accepts a 50% probability of θr,Peak exceeding θDBE,fdd, then γθ 
= 1.0.  θDBE,fdd calculated in Step 24 using Equation 3.34.  Any correction for modal 
damping (Cξ∙θDBE,fdd) is also be determined in Step 24 (see Section 3.3.5). 
The roof drift capacity at nominal PT bar yielding (θY,n) is calculated in Step 25 from 
Equation 3.35.  θY,n is the sum of the rigid body rotation of the SC-CBF at PT bar 
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yielding and the elastic deformation of the SC-CBF at OMY.  It is assumed that the 
applied force pattern and the elastic deformation pattern of the SC-CBF are the same 
before and after uplift of the SC-CBF column.  After θY,n is calculated is it compared to 
Cξ∙θDBE,fdd and Cξ∙θDBE,fdd should not exceed θY,n, otherwise iterations through the steps of 
the design procedure are made to reduce Cξ∙θDBE,fdd or increase θY,n. 
The story drift design demand (θstory,dd) is determined from θDBE,dd using the relationships 
shown in Figure 7.9 between the median peak story drift and the median peak roof drift.  
It is recommended that the relationship in Figure 7.9c be used for θstory,dd as follows: 






  99.0
0011.0
,, CBFSCddDBEddstory h
ft
  (10.3) 
where, hSC-CBF is the total height of the SC-CBF in units of ft.  If the engineer wishes to 
account for the expected modal damping ratio then Cξ may be used to adjust θstory,dd. 
After the initial pass through the steps of the design procedure, Steps 3 through 25 are 
iterated until the member capacities exceed Fx,fdd, βSC ≤ 0.50, Cξ∙θDBE,fdd ≤ θY,n, and θstory,dd 
is less than any target drift limit (e.g., code drift limit or other drift limit imposed to 
reduce nonstructural damage).  In order to limit the number of iterations required to 
design the SC-CBF, it is recommended to initially oversize the SC-CBF members, 
determine the area of PT steel and rPT that give Cξ∙θDBE,fdd slightly less than θY,n, and then 
determine the final member sizes (while still checking to make sure the target drift is not 
exceeded at each iteration).   
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10.2 Limitations and Assumptions of Recommended Design Procedure 
The design procedure for SC-CBFs presented in this chapter is based on several 
assumptions and limitations.  These assumptions and limitations include: 
1. The SC-CBFs are full height; that is, the SC-CBFs extend from the base to the 
roof of the structure. 
2. The only rocking joint is at the base of the SC-CBF. 
3. The vertical PT steel extends from the base of the structure (or below) to the top 
of the SC-CBF at the center of the SC-CBF. 
4. The PT steel and anchorage system can develop reliable yielding behavior and the 
strain before fracture of the PT steel is significantly larger than the yield strain 
(e.g., more than 8% strain at fracture). 
5. There is a horizontal strut between the SC-CBF columns at the base. 
6. The lateral force pattern before and after uplift used to calculate certain resistance 
capacities (OMD, OMY, etc.) is assumed to be proportional to {F1}. 
The SC-CBF system may still be used outside of these limitations, but the design 
procedure for SC-CBFs must be evaluated or changed to reflect deviations from these 
assumptions/limitations. 
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Figure 10.1 – Schematic of linear elastic analysis model 
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Figure 10.2 – Schematic of loads on linear elastic analysis model 4-story SC-CBF.  Case 
of second mode forces applied to determine F2,x,dd. 
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Figure 10.3 – Schematic of loads on linear elastic analysis model for 4-story SC-CBF.  
Case of capacity loads applied to determine Fx,CL.  Lean-on column not shown. 
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CHAPTER 11 
DESIGN AND SEISMIC PERFORMANCE OF SC-CBFS DESIGNED 
USING PROPOSED DESIGN PROCEDURE 
 
In previous chapters of this document, parameters influencing the calculation of factored 
member force design demands (Fx,fdd) to estimate peak member force responses under the 
DBE with a small probability of exceedance (5% to 10%), and parameters influencing the 
calculation of the adjusted factored roof drift design demand (Cξ∙θDBE,fdd) for estimating 
the median peak roof drift under the DBE (θDBE,m) were studied.  In Chapter 10 of this 
document a second generation design procedure for SC-CBFs was proposed.  This 
chapter evaluates the proposed design procedure from Chapter 10 through design and 
time-history analyses of several of the archetype SC-CBF described in Chapter 4.  
11.1 Archetype SC-CBF Designed According to Proposed Second Generation Design 
Procedure 
Fifteen archetype SC-CBFs from Chapter 4 were redesigned using the proposed second 
generation design procedure from Chapter 10 inclusing the 4, 6, 9, 12-story archetype 
SC-CBFs, the 6E, 9E, 12E, 15E, and 18E-story archetype SC-CBFs, and the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs.  The 
15 and 18-story archetype SC-CBFs were not redesigned for further studies because they 
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have a very low energy dissipation ratio (βE), and are not practical or efficient designs.  
The 9EO-story SC-CBF was also not redesigned for further studies (it may be impractical 
to manufacture the frictionless bearings required for the construction of the 9EO-story 
SC-CBF). 
The member sizes for each archetype SC-CBFs are given in Table 11.1 through Table 
11.15.  The maximum member design utilization (design demand/capacity) ratios for the 
members in each story are shown in Table 11.16 through Table 11.30.  The 12-story, 
15E-story, 18E-story, 15EO-GL-story, and 18EO-GL-story SC-CBFs all have some 
column design utilizations that exceed 1.00.  Utilizations ratios greater than 1.0 were 
allowed for some columns of these archetype SC-CBFs because the heaviest wide flange 
shape typically available for columns (W14x730) was used, and the capacity of this 
member size was exceeded.  For the purposes of this present study, a utilization ratio 
greater than 1.00 was considered acceptable (though not desirable), because the proposed 
design procedure intends for the SC-CBF members to remain nominally elastic under the 
DBE, and the members are modeled as elastic in the nonlinear numerical simulation 
model.  A member design utilization ratio greater than 1.0 would not be acceptable if the 
design was to be constructed.  For designs that would be constructed, a built up section 
with an acceptable design utilization ratio would be designed and fabricated.   
Information related to the PT bars (APT, rPT) used in the design of the archetype SC-CBFs 
is summarized in Table 11.31. 
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Some modal properties for the redesigned archetype SC-CBFs calculated using from the 
linear elastic analysis model with rigid foundation springs.  These modal properties are 
given in Table 11.32 through Table 11.47 and include the modal periods (Tn), modal 
contribution factors (Γn), effective modal mass (Mn
*
), and modal mass ratio (Mn
*
/Mtotal) 
for the first four modes.  The design SA (SADS,n), modified design SA ( Y,1, SADS,n), modal 
load factor (γn), and factored design SA (γn∙ Y,1, γn∙SADS,n) for the first four modes of the 
archetype SC-CBFs are shown in Table 11.48 through Table 11.62.   
Several design overturning moments for the redesigned archetype SC-CBFs are shown in 
Table 11.63.  These design overturning moments include the overturning moment at 
decompression (OMD), the overturning moment at yield of the PT steel (OMY), the elastic 
overturning moment (OMelastic) and the estimated peak overturning moment under the 
median DBE (OMDBE). 
Table 11.64 summarizes several important design parameters for the redesigned 
archetype SC-CBFs including: the elastic stiffness (kelastic), the total post-decompression 
stiffness (kpdT), the ratio of kelastic to kpdT ( kT), the strength of the supplemental energy 
dissipation device at the base of the SC-CBF columns (VED), the energy dissipation ratio 
(βE), a measure of the self-centering capability of the SC-CBF (βSC), and two measures of 
response modification factors (RA and RA,D-Drift).  For some archetype SC-CBFs, kpdT is 
negative due to second order effects, but  kT is reported as zero.  A value of zero was 
reported in these cases because the relationships developed by Seo (2005) for self-
centering systems do not account for the possibility of negative  k values.  βSC should be 
less than 0.5 in order for the SC-CBF to self-center.  RA is comparable to the code based 
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response modification coefficient (R) for other systems and RA,D-Drift is used in the Seo 
(2005) μ-R-T relationships to calculate μDBE.   
Table 11.65 summarizes important drift and ductility demand parameters for the 
redesigned archetype SC-CBFs including: the first mode period used to calculate drift 
design demands (T1,Def), the roof drift at decompression (θD), the roof drift at nominal 
yield of the PT steel (θY,n), the design demand estimate of the roof drift under the median 
DBE (Cξ∙θDBE,fdd), the design demand estimate of the ductility demand under the median 
DBE (μDBE), the damping correction factor, (Cξ), and the design demand estimate of the 
story drift under the median DBE (Cξ∙θstory,dd).  T1,Def was determined from the linear 
elastic analysis model with the stiffness of the foundation springs set to the represent the 
vertical and horizontal foundation stiffnesses in the constructed SC-CBF structure (the 
stiffness of the rotational spring was neglected).  Second order effects included in the 
linear elastic analysis model with determining T1,Def. 
A summary of the most important design parameters for the redesigned archetype SC-
CBF structures is shown in Table 11.66 including: the aspect ratio (height/width) of the 
SC-CBF, T1, T1,Def, Cξ∙θDBE,fdd, βE, βSC, RA, the weight of the SC-CBF (WSC-CBF), and the 
parameters significantly influencing the design of the SC-CBF.   
Table 11.67 compares drift related design parameters (βE, θD, μDBE, RA,D-Drift, and 
Cξ∙θDBE,fdd) between the archetype SC-CBFs designed using the Roke et al. (2010) first 
generation design procedure (the designs in Chapter 4) and redesigned archetype SC-
CBFs using the proposed design procedure in Chapter 10.  βE for the 9-story SC-CBF is 
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low (0.20) and very low (0.14) for the 12-story SC-CBF for both design procedures.  This 
trend in βE indicates that SC-CBFs using lateral load bearings with friction as the only 
source of energy dissipation are not efficient above about 9 stories in height.  βE is 
acceptable for all #E-story and #EO-GL-story SC-CBFs for both design procedures, since 
βE can be controlled in the design process through the use of VED.  The roof drift at 
decompression of an SC-CBF column (θD) is generally smaller for the SC-CBFs 
redesigned using the proposed design procedure.  This trend in θD indicates that SC-CBFs 
redesigned using the proposed design procedure are usually stiffer, which is also evident 
by comparing T1,Def (see Table 11.68).  As a result of this increased stiffness and shorter 
period for the redesigned SC-CBFs, the estimate of the median ductility demand for the 
DBE (μDBE) is generally increased, but since θD is lower, Cξ∙θDBE,fdd typically does not 
increase significantly, and in many cases decreases. 
Table 11.68 compares T1, RA, APT, and WSC-CBF between the archetype SC-CBFs designed 
using the Roke et al. (2010) first generation design procedure (the designs in Chapter 4) 
and redesigned archetype SC-CBFs using the proposed design procedure in Chapter 10.  
The proposed design procedure produced heavier designs for all but one archetype SC-
CBF (see Table 4.82 and Table 11.66).  The increase in weight for some of the 
redesigned archetype SC-CBFs was as high as a 44% compared to the designs using the 
Roke et al. (2010) first generation design procedure.  However, some of these archetype 
SC-CBFs have factored member force design demands (Fx,fdd) which were significantly 
exceeded under the DBE and therefore, do not meet the performance objectives of 
Section 3.3.1.  The proposed design procedure increases Fx,fdd in some stories to increase 
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the probability that the performance objectives of Section 3.3.1 will be met, resulting in 
an increased SC-CBF weight.   
The increase in weight using the proposed design procedure may be also attributed to an 
increase in APT for some of the SC-CBFs.  APT was increased, in some cases, to help 
control the increased roof drift design demands, which increased due to a significant 
increase in μDBE. 
RA changes very little between the archetype SC-CBFs designed using the Roke et al. 
(2010) first generation design procedure (the designs in Chapter 4) and redesigned 
archetype SC-CBFs using the proposed design procedure in Chapter 10.  RA is 
significantly higher, for many SC-CBFs, than allowed by ASCE 7-10 (ASCE 2010) for 
special concentrically braced frames (SCBFs) where R = 6.  High RA values are 
acceptable for SC-CBFs because of the large ductility capacity of the system. 
The amount of PT steel required to achieve an acceptable SC-CBF design becomes 
uneconomical for taller SC-CBFs (greater than 9 stories) using lateral load bearings with 
friction as the only source of energy dissipation.  The amount of PT steel required to 
achieve an acceptable design is also uneconomical for the 18E-story SC-CBF because a 
very large value is required for VED (1600 kips) to achieve the needed βE and for βSC to be 
less than 0.50.  Relatively small amounts of PT steel are required for the #EO-GL-story 
SC-CBFs because there is gravity load imposed directly on the SC-CBF columns for this 
configuration.  The gravity load replaces force otherwise supplied by the PT steel to 
provide self-centering capacity.  Since the SC-CBF is designed for the yield capacity of 
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the PT steel, #EO-GL-story SC-CBFs are much more economical than #-story and #E-
story SC-CBFs, as long as some damage to the floor system can be tolerated (see 
discussion in Section 4.6 and Section 7.1.8). 
11.2 Evaluation of Archetype SC-CBF Designs Using Time-History Analyses 
The redesigned archetype SC-CBFs were evaluated through time-history analyses using 
the nonlinear numerical simulation models described Chapter 5.  The SC-CBF members 
were kept elastic, but the PT steel was allowed to yield.  Ground motion Set I was used in 
the time-history analyses to evaluate all the redesigned archetype SC-CBFs.  The 
response to ground motion TCU051E from the 1999 Chi-Chi, Taiwan earthquake for the 
12E-story SC-CBF, and the TCU051E, TCU051N, and TCU042E from the 1999 Chi-
Chi, Taiwan earthquake for the 15E-story SC-CBF are excluded from the data for the 
reason given in Section 7.1.9.  Several response quantities are discussed here in this 
section.  These response quantities are defined the same way that they were in Chapter 7. 
Figures 11.1 through 11.3 show the peak roof drift (θr,Peak) for the #-story, #E-story, and 
#EO-GL-story archetype SC-CBFs.  For the #-story archetype SC-CBFs the median 
θr,Peak is estimated well by Cξ∙θDBE,fdd for the 6, 9, and 12-story SC-CBFs and slightly 
under-estimated by Cξ∙θDBE,fdd (12% of Cξ∙θDBE,fdd)  for the 4-story SC-CBF.  The median 
θr,Peak for the #E-story SC-CBFs is estimated well by Cξ∙θDBE,fdd for the 6E and 12E-story 
SC-CBF.  The median θr,Peak for the 9E-story SC-CBF is under-estimated by Cξ∙θDBE,fdd 
by 11%.  The median θr,Peak for the 15E and 18E-story SC-CBFs are significantly over-
estimated by Cξ∙θDBE,fdd by 24%.  The median θr,Peak responses for the 6EO-GL, 12EO-
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GL, 15EO-GL, and 18EO-GL-story SC-CBFs are over-estimated from about 3% of 
Cξ∙θDBE,fdd (12EO-GL-story) to about 19% of Cξ∙θDBE,fdd (18EO-GL-story).  The 9EO-GL-
story SC-CBF median θr,Peak response is under-estimated by about 10% of Cξ∙θDBE,fdd 
while the median θr,Peak response for the 4EO-GL-story SC-CBF is significantly under-
estimated by 25% of Cξ∙θDBE,fdd.  It was noted in Section 9.3.2 that the observed value of 
βE from time-history analyses for the #EO-GL-story SC-CBFs was generally over-
estimated by the design value.  As a result, the design demand estimate of the median 
peak θr,Peak by Cξ∙θDBE,fdd is smaller than if the design demand were calculated using the 
observed βE value.  To have a more more conservative estimate of θr,Peak by Cξ∙θDBE,fdd for 
the very short #EO-GL-story SC-CBFs (4 stories or less), the design value for βE should 
be decreased to an anticipated value of βE.   
The peak story drift demands (θs,Peak) for the #-story, #E-story, and #EO-GL-story 
archetype SC-CBFs are shown in Figures 11.4 through 11.6.  The median θs,Peak is greater 
than the median θr,Peak for all the SC-CBFs.  Cξ∙θstory,dd is greater than the median θs,Peak 
for the SC-CBFs taller than 12 stories.  For some of the taller SC-CBFs Cξ∙θDBE,fdd is a 
closer approximation to the median θs,Peak than the median θr,Peak.  The median θs,Peak for 
all the SC-CBFs was 1.6% radians or less. 
θr,Res for the archetype SC-CBFs is shown in Figures 11.7 through 11.9.  The median 
θr,Res is negligible for all archetype SC-CBFs.  For the 12E-story SC-CBF, the ground 
motion from the 1999 Chi-Chi earthquake TCU051N station produced a significant θr,Res 
(0.037 radians).  θr,Res for this ground motion is not shown on the plot of θr,Res but is 
included in the statistics for the median.  This ground motion caused yielding of the PT 
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steel.  For the 15EO-GL-story SC-CBF, the two ground motions from the 1999 Chi-Chi 
earthquake (TCU051E, TCU051N) produced a significant θr,Res (0.017 and 0.032 radians, 
respectively).  θr,Res for these ground motions are not shown on the plot of θr,Res but are 
included in the statistics for the median.  Both of these ground motions caused yielding of 
the PT steel.   
The peak normalized PT bar force (PTNorm) is shown for the archetype SC-CBFs in 
Figures 11.10 through 11.12.  The difference between the median PTNorm and rPT 
generally decreases with increasing SC-CBF height. 
The normalized peak base overturning moment (OMNorm) is shown for the archetype SC-
CBFs in Figures 11.13 through 11.15.  The median OMNorm is greater than or equal to 1.0 
for all #E-story SC-CBFs.  As explained in Section 7.1.7, this may be due to increased 
overturning moment resistance from friction in the lateral load bearings under higher 
mode response.  OMY used to determine OMNorm is calculated assuming a lateral force 
profile proportional to the first mode, but due to higher mode response, the lateral force 
profile is not always proportional to the first mode shape.  If the effective height of the 
lateral force profile decreases (relative to the effective height of forces proportional to the 
first mode shape) then the total lateral force (base shear) for a given level of overturning 
moment resistance will increase.  The increased total lateral force will increase the 
contribution of the friction force to the overturning moment resistance, so that it exceeds 
OMY.  The change in the effective height of the lateral force profile is the main reason 
that OMNorm can be greater than 1.0 for SC-CBFs using lateral load bearings with friction.  
The median OMNorm for the #EO-GL-story SC-CBFs is less than 1.0. 
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Peak modal effective pseudo-acceleration ( n) data is shown for the archetype SC-CBFs 
in Figures 11.16 through 11.18.   n data was calculated using modal properties from the 
nonlinear numerical simulation model for each SC-CBF.  These properties are 
summarized in Table 11.69 through Table 11.83 for the first four modes including modal 
periods (Tn), modal contribution factors (Γn), effective modal mass (Mn
*
), and modal 
mass ratio (Mn
*
/Mtotal).   
The modes considered in Section 7.1.4 are included in these figures.  In general, while 
γn∙SADS,n for the higher modes do not accurately estimate the 5% POE peak  n for all the 
archetype SC-CBFs, they are a reasonable approximation for the purposes of design.  
γ1∙ Y,1 is greater than the 5% POE value for the peak  1 for all of the archetype SC-CBFs 
except for the 15E, 15EO-GL, and 18EO-GL-story SC-CBFs.  The 5% POE peak  1 is 
slightly greater than γ1∙ Y,1 for the 15EO-GL and 18EO-GL-story SC-CBFs.  γ2∙SADS,2 is 
greater than the 5% POE peak  n for archetype SC-CBFs less than 6 stories and generally 
less than the 5% POE peak  n for archetype SC-CBFs greater than 12 stories.  The trend 
is for the 5% POE peak  n to decrease with increasing SC-CBF height. 
The mean (μ) and standard deviation (σ) (including all of the redesigned archetype SC-
CBFs) of   n / (γn∙SADS,n) for the modes considered in Section 7.1.4 were calculated and 
are summarized in Table 11.84.  For the first mode γn∙SADS,n was taken as γn∙ Y,1.  μ of   1 / 
(γ1∙ Y,1) for the redesigned archetype SC-CBFs decreased slightly to 0.84 from 0.87 for 
the original archtype SC-CBF designs with updated γn shown in Table 8.18.  μ of   2 / 
(γ2∙SADS,2) for the redesigned archetype SC-CBFs increased slightly to 1.05 from 0.98 
from the original archtype SC-CBF designs with updated γn shown in Table 8.18.  
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The peak normalized column axial utilizations (UColumn,TH) for the archetype SC-CBFs are 
shown in Figures 11.22 through11.36.  In only a few cases, the 5% POE UColumn,TH 
exceeds 1.0.  The column in the top story of the 9EO-GL, and 15EO-GL-story SC-CBFs 
are the only two cases where the 10% POE value for UColumn,TH exceeds 1.0.  
In general, the column axial force design demand in the lower stories is too high (i.e., the 
value of Fx,fdd is too high, so the columns are overdesigned), particularly for the bottom 
one or two stories of the #E-story and #EO-GL-story SC-CBFs.  Figure 11.73 shows one 
reason why Fx,fdd from the proposed procedure over-estimates the peak column axial 
force demands in the lower stories.  Figure 11.73 shows the median, 10% POE, and 5% 
POE values for the peak column axial force for the redesigned 18EO-GL-story SC-CBF 
subjected to ground motion Set I.  Also shown in Figure 11.73 are Fx,fdd calculated using 
the proposed procedure using the 2CQC-25 modal combination, using the 2CQC-0 modal 
combination, or using only the CQC modal combination with the ρin coefficients 
proposed in Equation 8.8. 
As shown in Section 8.2.2, the actual ρin values vary with the type of response (e.g., peak 
story shear, peak story verturning moment).  It was shown in Section 8.2.2 that in order to 
adequately estimate peak responses over the height of the SC-CBF that more than one set 
of ρin values is needed.  Therefore, the 2CQC procedure was proposed, but only two sets 
of ρin values are used in this procedure.  The second set of ρin values used in the 2CQC 
procedure has only positive (0.25 for 2CQC-25, Equation 8.9) or zero (2CQC-0, Equation 
8.10) ρin values between two different modes.  Fx,fdd is taken as the maximum of the 
combined response using the ρin values of Equation 8.8 and the combined response using 
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the ρin values of either Equation 8.9 or Equation 8.10.  Figure 11.73 shows that Fx,fdd 
determined from 2CQC-25 and 2CQC-0 for the first story are much larger than Fx,fdd 
determined using the CQC combination procedure with only the first set of ρin values 
(Equation 8.8, which have negative correlation between the first mode and the second 
and third modes) alone, because the modal combinations with no correlation in 2CQC-0 
or positive correlation in 2CQC-25 provide larger and incorrect results. 
The large difference between Fx,fdd determined using the CQC combination procedure 
with the ρin values of Equation 8.8 alone, and the 5% POE peak column axial force for 
the first story of the 18EO-GL-story SC-CBF is due to the first set of ρin values (Equation 
8.8).  The ρin values proposed in Equation 8.8 are different from the actual ρin values 
(summarized in Table 11.85 for the first three modes) calculated at the time of peak first 
story column axial force.  Note that ρ12 is larger in magnitude than -0.75 (Equation 8.8) 
and ρ13 is a smaller value compared to -0.75 (Equation 8.8). 
Some of the remaining difference can be attributed to  n.  The 5% POE value for  1,  2, 
and  3 for the 18EO-GL-story SC-CBF in Figure 11.21 is 0.097g, 1.35g, and 1.17g, 
respectively. The design values, γ1∙ Y,1, γ2∙SADS,2 and γ3∙SADS,3 are 0.095g, 1.6, and 1.6, 
respectively.  γ1∙ Y,1 is a very good estimate of the 5% POE value for  1, but the 5% POE 
value for  2 and  3 are below γ2∙SADS,2 and γ3∙SADS,3, respectively.  
The final source causing the over-estimate of the peak column axial force demands by 
Fx,fdd can be attributed to how the capacity loads (Fx,CL) are added to the combined 
factored modal member force design demand (FComb,x,fdd) in Step 17 of the proposed 
656 
 
design procedure in Section 10.1.  The absolute value of Fx,CL and FComb,x,fdd are added 
together.  Since the sign of the Fx,CL is lost, the tensile forces in the lower columns, due to 
the supplemental energy dissipation device, are combined with the compressive forces 
due to FComb,x,fdd without considering the sign when calculating Fx,fdd.   
The peak normalized brace axial utilization (UBrace,TH) for the archetype SC-CBFs is 
shown in Figures 11.37 through 11.51.  In most cases the 5% POE UBrace,TH does not 
exceed 1.0.  In several stories for various archetypes, the 10% POE value for the UBrace,TH 
slightly exceeds 1.0.  However, this result is judged to be acceptable considering the 
design performance objectives.  The largest UBrace,TH generally occur around 75% to 90% 
of the height of the structure for the taller SC-CBFs.  For the shorter SC-CBFs, the largest 
UBrace,TH generally occur closer to the base of the structure. 
The peak normalized beam axial utilizations (UBeam,TH) for the archetype SC-CBFs are 
shown in Figures 11.52 through 11.66.  The 5% POE UBeam,TH for most of the beams is 
much less than 1.0.  In only a few cases the 10% POE UBeam,TH exceeds 1.0.  Only for the 
first floor beam of the 6-story SC-CBF does the 10% POE UBeam,TH greatly exceed 1.0.  
Since the second generation design procedure is intended to estimate peak member force 
demands for a range of archetype SC-CBFs, there appear to be a few instances where the 
probability of member damage is higher than intended.   
Peak normalized distribution strut axial force utilizations (UDistStrut,TH) are shown for the 
archetype SC-CBFs in Figures 11.67 through11.69.  The 5% POE UDistStrut,TH is less than 
or equal to 1.0 in all cases. 
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The peak normalized base strut axial force utilization (UBaseStrut,TH) for the archetype SC-
CBFs are shown in Figures 11.70 through 11.72.  The 5% POE UBaseStrut,TH is less than or 
equal to 1.0 in all cases.  Generally, as the height of the SC-CBF is increasing, the 
median UBaseStrut,TH is decreasing. 
Table 11.86 and Table 11.87 show the mean (μ) and standard deviation (σ) for the 10% 
POE and 5% POE normalized member axial utilizations, respectively, of the redesigned 
archetype SC-CBFs.  The statistical data shown in Tables 11.85 and 11.86 are very 
similar to the data shown in Tables 8.20 and 8.26 for the archetype SC-CBF designs 
described in Chapter 4 and reevaluated using Fx,fdd calculated from the updated design 
procedure.  μ is less than 1.0 for all member types of the redesigned archtype SC-CBFs 
for both the 10% and 5% POE normalized member axial utilizations.  This value of μ 
indicates that the proposed design procedure in Chapter 10 is conservative and the 
performance objective of the design procedure (see Section 3.3.1) is being met.  
However, because μ is low in the lower columns and lower braces for 5% POE values, it 
may be possible to adjust the design procedure in future research to obtain more 
economical designs.  Similar to what was reported in Section 8.3.2, the dispersion of the 
10% POE and 5% POE values for the columns, braces, and beams has been reduced by 
the proposed design procedure in Chapter 10 relative to the Roke et al. (2010) first 
generation design procedure. 
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11.3 Summary 
In this chapter, the design and seismic performance of 15 archetype SC-CBF structures 
redesigned according to the proposed second generation design procedure given in 
Chapter 10 of this document were studied.  The seismic performance of the redesigned 
archetype SC-CBFs was evaluated through time-history analyses by subjecting the 
redesigned archetype SC-CBF structures to ground motion Set I from Chapter 6 of this 
document.  Drift demands and peak normalized axial member utilizations were studied to 
validate the proposed design procedure.  In most cases the drift estimates were either 
acceptable or quite conservative.  Only in one case (4EO-GL-story SC-CBF) was the 
median θr,Peak under-estimated by about 20% of Cξ∙θDBE,fdd.  The column axial force 
design demands are generally adequate and for many of the redesigned archetype SC-
CBFs the column axial force design demands in the lower stories significantly over-
estimate the peak response.  For the 9EO-GL-story and 15EO-GL-story SC-CBFs there is 
a fairly high probability of exceeding the column axial force design demand in the top 
story.  The brace axial force design demands are adequate, but there is still room for 
improvement in terms of economy.  The beam axial force design demands are generally 
quite conservative for most floors in most of the redesigned archetype SC-CBFs.  One 
exception to this conservatism is the 1
st
 floor beam of the 6-story archetype SC-CBF.  
The distribution strut and the base strut axial force design demands are adequate for all of 
the redesigned archetype SC-CBFs.  While the proposed design procedure for SC-CBFs 
can still be improved, the member force design demands and roof drift design demands 
are judged to be adequate for SC-CBFs with a range of heights under the DBE. 
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Table 11.1 – Member sizes for 4-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x68 W12x305 W12x152 W12x96  W12x120 
2 W14x68 W12x305 W12x120 W12x96   
3 W14x53 W12x96 W12x230 W12x96   
4 W14x53 W12x96 W12x96 W12x96 W12x210  
 
 
Table 11.2 – Member sizes for 6-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x455 W12x252 W12x96  W12x170 
2 W14x82 W14x455 W12x210 W12x96   
3 W14x68 W14x342 W12x106 W12x96   
4 W14x68 W14x342 W12x136 W12x136   
5 W14x53 W14x82 W14x311 W12x96   
6 W14x53 W14x82 W12x106 W12x96 W14x283  
 
 
Table 11.3 – Member sizes for 9-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x730 W14x342 W12x96  W14x193 
2 W14x132 W14x730 W14x311 W12x96   
3 W14x132 W14x665 W14x193 W12x96   
4 W14x82 W14x665 W14x159 W12x96   
5 W14x82 W14x500 W14x145 W12x96   
6 W14x68 W14x500 W14x159 W12x96   
7 W14x68 W14x257 W14x257 W12x96   
8 W14x53 W14x257 W14x159 W12x96 W14x211  
9 W14x53 W14x257 W14x233 W12x96 W14x211  
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Table 11.4 – Member sizes for 12-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x730 W14x500 W12x96  W14x257 
2 W14x145 W14x730 W14x455 W12x96   
3 W14x132 W14x730 W14x311 W12x96   
4 W14x132 W14x730 W14x283 W12x96   
5 W14x132 W14x730 W14x211 W12x96   
6 W14x132 W14x730 W14x193 W12x96   
7 W14x82 W14x730 W14x193 W12x96   
8 W14x82 W14x730 W14x193 W12x96   
9 W14x68 W14x550 W14x193 W12x96   
10 W14x68 W14x550 W14x176 W12x279   
11 W14x53 W14x132 W14x550 W12x96   
12 W14x53 W14x132 W14x132 W12x136 W14x550  
 
 
Table 11.5 – Member sizes for 6E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x370 W14x193 W12x96  W12x152 
2 W14x82 W14x370 W14x145 W12x96   
3 W14x68 W14x257 W12x96 W12x96   
4 W14x68 W14x257 W12x106 W12x96   
5 W14x53 W14x68 W14x193 W12x96   
6 W14x53 W14x68 W12x96 W12x96 W14x159  
 
 
 
 
 
 
 
 
 
661 
 
Table 11.6 – Member sizes for 9E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x550 W14x311 W12x96  W14x176 
2 W14x132 W14x550 W14x257 W12x96   
3 W14x132 W14x550 W14x159 W12x96   
4 W14x82 W14x550 W14x132 W12x96   
5 W14x82 W14x398 W14x132 W12x96   
6 W14x68 W14x398 W14x145 W12x96   
7 W14x68 W14x176 W14x193 W12x96   
8 W14x53 W14x176 W14x132 W12x96 W14x132  
9 W14x53 W14x176 W14x145 W12x96 W14x132  
 
Table 11.7 – Member sizes for 12E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x665 W14x398 W12x96  W14x233 
2 W14x145 W14x665 W14x370 W12x96   
3 W14x132 W14x665 W14x257 W12x96   
4 W14x132 W14x665 W14x211 W12x96   
5 W14x132 W14x665 W14x132 W12x96   
6 W14x132 W14x665 W12x120 W12x96   
7 W14x82 W14x500 W14x145 W12x96   
8 W14x82 W14x500 W14x159 W12x96   
9 W14x68 W14x311 W14x159 W12x96   
10 W14x68 W14x311 W14x145 W12x106   
11 W14x53 W14x132 W14x233 W12x96   
12 W14x53 W14x132 W12x120 W12x96 W14x211  
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Table 11.8 – Member sizes for 15E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x176 W14x730 W14x500 W12x96  W14x283 
2 W14x176 W14x730 W14x500 W12x96   
3 W14x176 W14x730 W14x342 W12x96   
4 W14x145 W14x730 W14x311 W12x96   
5 W14x145 W14x730 W14x233 W12x96   
6 W14x132 W14x730 W14x211 W12x96   
7 W14x132 W14x730 W12x120 W12x96   
8 W14x132 W14x730 W12x120 W12x96   
9 W14x132 W14x665 W14x176 W12x96   
10 W14x82 W14x665 W14x176 W12x96   
11 W14x82 W14x426 W14x176 W12x96   
12 W14x68 W14x426 W14x176 W12x96   
13 W14x68 W14x176 W14x233 W12x96   
14 W14x53 W14x176 W14x159 W12x96 W14x132  
15 W14x53 W14x176 W14x159 W12x96 W14x132  
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Table 11.9 – Member sizes for 18E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x211 W14x730 W14x730 W12x96  W14x370 
2 W14x211 W14x730 W14x730 W12x120   
3 W14x176 W14x730 W14x550 W12x96   
4 W14x176 W14x730 W14x500 W12x96   
5 W14x176 W14x730 W14x398 W12x96   
6 W14x176 W14x730 W14x398 W12x96   
7 W14x145 W14x730 W14x283 W12x96   
8 W14x145 W14x730 W14x257 W12x96   
9 W14x132 W14x730 W14x211 W12x96   
10 W14x132 W14x730 W14x211 W12x96   
11 W14x132 W14x730 W14x257 W12x96   
12 W14x132 W14x730 W14x257 W12x96   
13 W14x82 W14x730 W14x257 W12x96   
14 W14x82 W14x730 W14x233 W12x96   
15 W14x68 W14x550 W14x193 W12x96   
16 W14x68 W14x550 W14x176 W12x252   
17 W14x53 W14x132 W14x550 W12x120   
18 W14x53 W14x132 W14x132 W12x136 W14x550  
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Table 11.10 – Member sizes for 4EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x68 W12x305 W12x136 W12x96  W12x152 
2 W14x68 W12x305 W12x106 W12x96   
3 W14x53 W12x96 W12x210 W12x96   
4 W14x53 W12x96 W12x96 W12x96 W12x136  
 
Table 11.11 – Member sizes for 6EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x82 W14x311 W14x176 W12x96  W12x190 
2 W14x82 W14x311 W14x132 W12x96   
3 W14x68 W14x193 W12x96 W12x96   
4 W14x68 W14x193 W12x106 W12x96   
5 W14x53 W14x68 W12x152 W12x96   
6 W14x53 W14x68 W12x96 W12x96 W14x82  
 
Table 11.12 – Member sizes for 9EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x132 W14x426 W14x257 W12x96  W14x233 
2 W14x132 W14x426 W14x233 W12x96   
3 W14x132 W14x342 W12x170 W12x96   
4 W14x82 W14x342 W12x136 W12x96   
5 W14x82 W14x257 W12x120 W12x96   
6 W14x68 W14x257 W12x136 W12x96   
7 W14x68 W14x132 W12x136 W12x96   
8 W14x53 W14x132 W12x120 W12x96 --  
9 W14x53 W14x132 W12x106 W12x96 --  
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Table 11.13 – Member sizes for 12EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x145 W14x605 W14x342 W12x96  W14x283 
2 W14x145 W14x605 W14x311 W12x96   
3 W14x132 W14x455 W14x233 W12x96   
4 W14x132 W14x455 W14x193 W12x96   
5 W14x132 W14x455 W14x132 W12x96   
6 W14x132 W14x455 W12x120 W12x96   
7 W14x82 W14x370 W14x132 W12x96   
8 W14x82 W14x370 W14x145 W12x96   
9 W14x68 W14x211 W14x145 W12x96   
10 W14x68 W14x211 W14x145 W12x96   
11 W14x53 W14x82 W14x145 W12x96   
12 W14x53 W14x82 W12x96 W12x96 W14x68  
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Table 11.14 – Member sizes for 15EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x176 W14x730 W14x426 W12x96  W14x342 
2 W14x176 W14x730 W14x370 W12x96   
3 W14x176 W14x665 W14x311 W12x96   
4 W14x145 W14x665 W14x283 W12x96   
5 W14x145 W14x665 W14x233 W12x96   
6 W14x132 W14x665 W14x193 W12x96   
7 W14x132 W14x665 W14x132 W12x96   
8 W14x132 W14x665 W12x120 W12x96   
9 W14x132 W14x500 W14x159 W12x96   
10 W14x82 W14x500 W14x176 W12x96   
11 W14x82 W14x342 W14x176 W12x96   
12 W14x68 W14x342 W14x159 W12x96   
13 W14x68 W14x159 W14x159 W12x96   
14 W14x53 W14x159 W14x145 W12x96 --  
15 W14x53 W14x159 W14x132 W12x106 --  
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Table 11.15 – Member sizes for 18EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 W14x211 W14x730 W14x500 W12x96  W14x398 
2 W14x211 W14x730 W14x455 W12x96   
3 W14x176 W14x730 W14x398 W12x96   
4 W14x176 W14x730 W14x370 W12x96   
5 W14x176 W14x730 W14x311 W12x96   
6 W14x176 W14x730 W14x283 W12x96   
7 W14x145 W14x730 W14x193 W12x96   
8 W14x145 W14x730 W14x176 W12x96   
9 W14x132 W14x730 W14x132 W12x96   
10 W14x132 W14x730 W14x145 W12x96   
11 W14x132 W14x730 W14x193 W12x96   
12 W14x132 W14x730 W14x193 W12x96   
13 W14x82 W14x500 W14x211 W12x96   
14 W14x82 W14x500 W14x193 W12x96   
15 W14x68 W14x283 W14x176 W12x96   
16 W14x68 W14x283 W14x176 W12x96   
17 W14x53 W14x132 W14x211 W12x106   
18 W14x53 W14x132 W12x120 W12x96 W12x106  
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Table 11.16 – Maximum member design utilization for 4-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.79 0.96 0.97 0.80  0.90 
2 0.52 0.80 0.90 0.90   
3 0.49 0.64 0.98 0.70   
4 0.18 0.64 0.94 0.82 0.92  
 
Table 11.17 – Maximum member design utilization for 6-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.95 1.00 0.73  0.92 
2 0.75 0.81 0.97 0.56   
3 0.71 0.94 0.91 0.76   
4 0.52 0.91 0.92 0.92   
5 0.49 0.87 0.95 0.77   
6 0.18 0.93 0.89 0.89 0.95  
 
Table 11.18 – Maximum member design utilization for 9-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.96 0.92 0.69  0.97 
2 0.65 0.84 0.93 0.58   
3 0.57 0.98 0.93 0.80   
4 0.91 0.93 0.94 0.60   
5 0.75 0.95 0.95 0.76   
6 0.71 0.91 0.94 0.90   
7 0.52 0.87 0.96 0.78   
8 0.49 0.93 0.93 0.98 0.97  
9 0.18 0.12 0.96 0.77 0.87  
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Table 11.19 – Maximum member design utilization for 12-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 1.30 0.93 0.72  0.97 
2 0.81 1.25 0.99 0.75   
3 0.82 1.36 0.97 0.76   
4 0.74 1.31 0.92 0.70   
5 0.65 1.25 0.89 0.75   
6 0.57 1.20 0.84 0.69   
7 0.91 0.94 0.99 0.70   
8 0.75 0.91 0.98 0.60   
9 0.71 0.86 0.90 0.75   
10 0.52 0.95 0.91 0.93   
11 0.49 0.69 0.97 0.94   
12 0.18 0.73 0.90 0.93 1.00  
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Table 11.20 – Maximum member design utilization for 6E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.96 0.98 0.80  0.92 
2 0.75 0.75 0.97 0.50   
3 0.71 0.95 0.76 0.70   
4 0.52 0.87 0.95 0.83   
5 0.49 0.85 0.99 0.66   
6 0.18 0.90 0.83 0.78 0.97  
 
Table 11.21 – Maximum member design utilization for 9E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.96 0.93 0.74  0.98 
2 0.65 0.78 0.99 0.47   
3 0.57 0.94 0.93 0.81   
4 0.91 0.86 0.91 0.53   
5 0.75 0.91 0.86 0.69   
6 0.71 0.84 0.86 0.70   
7 0.52 0.85 0.93 0.65   
8 0.49 0.88 0.81 0.75 0.87  
9 0.18 0.17 0.95 0.75 0.77  
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Table 11.22 – Maximum member design utilization for 12E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 0.85 0.95 0.69  0.97 
2 0.81 0.76 0.97 0.48   
3 0.82 0.98 0.92 0.69   
4 0.74 0.91 0.98 0.58   
5 0.65 0.98 0.95 0.78   
6 0.57 0.92 0.95 0.56   
7 0.91 0.93 0.96 0.67   
8 0.75 0.88 0.92 0.51   
9 0.71 0.90 0.87 0.60   
10 0.52 0.90 0.87 0.96   
11 0.49 0.55 0.96 0.79   
12 0.18 0.57 0.88 0.92 0.91  
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Table 11.23 – Maximum member design utilization for 15E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.00 0.94 0.65  0.98 
2 0.86 0.98 0.93 0.61   
3 0.80 0.98 0.95 0.62   
4 0.89 0.93 0.96 0.48   
5 0.81 1.18 0.93 0.74   
6 0.82 1.11 0.94 0.60   
7 0.74 1.11 0.99 0.69   
8 0.65 1.07 0.93 0.54   
9 0.57 0.91 0.94 0.63   
10 0.91 0.87 0.93 0.54   
11 0.75 0.93 0.95 0.56   
12 0.71 0.91 0.89 0.79   
13 0.52 0.96 0.91 0.75   
14 0.49 0.97 0.83 0.80 0.92  
15 0.18 0.19 0.95 0.86 0.80  
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Table 11.24 – Maximum member design utilization for 18E-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.86 0.99 0.80  0.93 
2 0.88 2.01 0.96 0.96   
3 0.98 1.63 0.95 0.70   
4 0.92 1.59 0.94 0.66   
5 0.86 1.87 0.98 0.65   
6 0.80 1.81 0.95 0.65   
7 0.89 1.91 0.92 0.67   
8 0.81 1.85 0.95 0.66   
9 0.82 1.67 0.93 0.63   
10 0.74 1.63 0.94 0.66   
11 0.65 1.29 1.00 0.60   
12 0.57 1.26 0.93 0.67   
13 0.91 0.91 0.94 0.59   
14 0.75 0.90 0.94 0.63   
15 0.71 0.87 0.90 0.83   
16 0.52 0.95 0.92 0.93   
17 0.49 0.69 0.92 0.82   
18 0.18 0.70 0.88 0.90 0.90  
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Table 11.25 – Maximum member design utilization for 4EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.79 0.97 0.98 0.81  0.88 
2 0.52 0.77 0.94 0.87   
3 0.49 0.64 0.92 0.63   
4 0.18 0.62 0.95 0.72 0.98  
 
Table 11.26 – Maximum member design utilization for 6EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 1.0 0.93 0.92 0.85  0.94 
2 0.75 0.67 0.96 0.58   
3 0.71 0.92 0.80 0.72   
4 0.52 0.91 0.96 0.62   
5 0.49 0.80 0.93 0.61   
6 0.18 0.72 0.78 0.57 0.95  
 
Table 11.27 – Maximum member design utilization for 9EO-GL-story archetype SC-CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.77 0.99 0.99 0.81  0.89 
2 0.65 0.73 0.92 0.58   
3 0.57 0.94 0.99 0.90   
4 0.91 0.92 0.95 0.57   
5 0.75 0.94 0.94 0.72   
6 0.71 0.93 0.98 0.51   
7 0.52 0.85 0.96 0.54   
8 0.49 0.84 0.91 0.68 --  
9 0.18 0.12 0.91 0.74 --  
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Table 11.28 – Maximum member design utilization for 12EO-GL-story archetype SC-
CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.93 0.98 0.95 0.75  0.95 
2 0.81 0.74 0.94 0.56   
3 0.82 0.86 0.97 0.82   
4 0.74 0.83 1.00 0.64   
5 0.65 0.98 0.96 0.85   
6 0.57 0.97 0.94 0.57   
7 0.91 0.91 0.95 0.71   
8 0.75 0.90 0.92 0.51   
9 0.71 0.90 0.95 0.53   
10 0.52 0.90 0.86 0.62   
11 0.49 0.79 0.88 0.74    
12 0.18 0.66 0.88 0.57 0.82  
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Table 11.29 – Maximum member design utilization for 15EO-GL-story archetype SC-
CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.15 0.95 0.73  0.96 
2 0.86 0.89 1.00 0.59   
3 0.80 0.73 0.96 0.78   
4 0.89 0.71 0.95 0.58   
5 0.81 0.93 0.89 0.83   
6 0.82 0.92 0.93 0.65   
7 0.74 0.94 0.86 0.74   
8 0.65 0.93 1.00 0.57   
9 0.57 0.95 0.99 0.67   
10 0.91 0.94 0.91 0.54   
11 0.75 0.87 0.96 0.53   
12 0.71 0.87 0.97 0.51   
13 0.52 0.93 0.89 0.70   
14 0.49 0.91 0.90 0.90 --  
15 0.18 0.12 0.90 0.87 --  
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Table 11.30 – Maximum member design utilization for 18EO-GL-story archetype SC-
CBF 
 
Story/Floor 
Gravity 
Columns 
SC-CBF 
Columns 
SC-CBF 
Braces 
SC-CBF 
Beams 
SC-CBF 
Distribution Strut 
SC-CBF 
Base Strut 
1 0.96 1.48 0.97 0.76  0.98 
2 0.88 1.19 0.99 0.63   
3 0.98 0.82 0.95 0.78   
4 0.92 0.80 0.94 0.56   
5 0.86 1.02 0.93 0.71   
6 0.80 1.01 0.94 0.65   
7 0.89 1.18 0.97 0.82   
8 0.81 1.16 0.94 0.66   
9 0.82 1.09 0.96 0.68   
10 0.74 1.09 0.95 0.58   
11 0.65 0.86 0.97 0.59   
12 0.57 0.86 0.94 0.53   
13 0.91 0.86 0.95 0.51   
14 0.75 0.86 0.94 0.49   
15 0.71 0.89 0.93 0.69   
16 0.52 0.88 0.91 0.79   
17 0.49 0.55 0.88 0.87   
18 0.18 0.49 0.92 0.71 0.96  
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Table 11.31 – PT bar design information for archetype SC-CBFs 
 
Archetype 
Bar 
Identifier 
Number 
of Bars 
APT 
(in
2
) 
Yield Force of 
PT steel (kips) 
rPT 
(% of Yield Force) 
4-story D1.25 12 15.0 1800 0.40 
6-story D1.375 14 22.1 2654 0.47 
9-story D2.5 6 31.2 3744 0.60 
12-story D1.75 18 47.2 5659 0.75 
6E-story D1.25 10 12.5 1500 0.50 
9E-story D1.375 10 15.8 1896 0.60 
12E-story D1.75 6 15.7 1886 0.60 
15E-story D1.75 6 15.7 1886 0.75 
18E-story D2.5 8 41.6 4992 0.80 
4EO-GL-story D1.25 8 10.0 1200 0.45 
6EO-GL-story D1.0 6 5.10 612 0.44 
9EO-GL-story D1.0 4 3.40 408 0.50 
12EO-GL-story D1.0 4 3.40 408 0.50 
15EO-GL-story D1.75 2 5.24 629 0.50 
18EO-GL-story D1.25 6 7.50 900 0.50 
 
 
Table 11.32 – Modal properties for 4-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.42 1.42 6.34 0.82 
2 0.16 -0.55 0.85 0.11 
3 0.10 0.38 0.46 0.060 
4 0.088 -0.11 0.062 0.0081 
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Table 11.33 – Modal properties for first four modes of 6-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.65 1.46 8.73 0.73 
2 0.20 -0.77 2.13 0.18 
3 0.14 0.32 0.52 0.044 
4 0.095 -0.06 0.013 0.0010 
 
Table 11.34 – Modal properties for first four modes of 9-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.02 1.49 12.7 0.69 
2 0.28 -0.71 3.53 0.19 
3 0.16 -0.37 1.09 0.059 
4 0.13 0.29 0.48 0.026 
 
Table 11.35 – Modal properties for first four modes of 12-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.58 1.51 16.4 0.66 
2 0.35 -0.77 4.92 0.20 
3 0.19 0.43 1.51 0.061 
4 0.14 -0.30 0.67 0.027 
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Table 11.36 – Modal properties for first four modes of 6E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.73 1.46 8.77 0.73 
2 0.23 -0.74 2.15 0.18 
3 0.15 0.31 0.47 0.039 
4 0.10 -0.12 0.063 0.0053 
 
Table 11.37 – Modal properties for first four modes of 9E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.14 1.50 12.6 0.68 
2 0.31 -0.73 3.40 0.18 
3 0.18 0.37 1.20 0.065 
4 0.13 0.31 0.54 0.029 
 
Table 11.38 – Modal properties for first four modes of 12E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.71 1.52 16.4 0.66 
2 0.40 -0.79 4.59 0.18 
3 0.22 0.45 1.83 0.073 
4 0.16 -0.30 0.63 0.026 
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Table 11.39 – Modal properties for first four modes of 15E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 2.41 1.53 20.2 0.65 
2 0.51 -0.82 5.79 0.18 
3 0.27 0.45 2.18 0.070 
4 0.18 -0.27 0.82 0.026 
 
Table 11.40 – Modal properties for first four modes of 18E-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 3.30 1.54 24.1 0.64 
2 0.61 -0.81 7.28 0.19 
3 0.28 0.45 2.44 0.065 
4 0.19 -0.33 1.14 0.030 
 
Table 11.42 – Modal properties for 4EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.40 1.39 6.53 0.85 
2 0.16 -0.49 0.64 0.083 
3 0.097 0.44 0.53 0.069 
4 0.090 0.048 0.0089 0.0012 
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Table 11.43 – Modal properties for first four modes of 6EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.70 1.46 8.86 0.74 
2 0.23 -0.71 2.13 0.18 
3 0.15 0.26 0.37 0.031 
4 0.10 -0.072 0.022 0.0018 
 
Table 11.44 – Modal properties for first four modes of 9EO-GL-story archetype SC-CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.13 1.50 12.5 0.68 
2 0.32 -0.74 3.68 0.20 
3 0.18 -0.37 1.16 0.063 
4 0.14 0.28 0.46 0.025 
 
Table 11.45 – Modal properties for first four modes of 12EO-GL-story archetype SC-
CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.63 1.52 16.2 0.65 
2 0.41 -0.82 4.80 0.19 
3 0.22 0.48 1.78 0.072 
4 0.16 -0.30 0.65 0.026 
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Table 11.46 – Modal properties for first four modes of 15EO-GL-story archetype SC-
CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 2.12 1.53 20.3 0.65 
2 0.49 -0.82 5.92 0.19 
3 0.26 0.43 2.27 0.073 
4 0.18 -0.28 0.84 0.027 
 
Table 11.47 – Modal properties for first four modes of 18EO-GL-story archetype SC-
CBF 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 2.85 1.53 24.3 0.64 
2 0.59 -0.84 7.17 0.19 
3 0.30 0.48 2.56 0.068 
4 0.20 -0.33 1.12 0.030 
 
Table 11.48 – SA used in design of 4-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 1.00g 0.38g 1.20 0.46g 
2 1.00g -- 1.60 1.60g 
3 0.89g -- 1.60 1.42g 
4 0.84g -- 1.60 1.34g 
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Table 11.49 – SA used in design of 6-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.92g 0.23g 1.49 0.34g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 0.87g -- 1.60 1.40g 
 
Table 11.50 – SA used in design of 9-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.59g 0.14g 1.93 0.27g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.51 – SA used in design of 12-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.38g 0.12g 2.00 0.23g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
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Table 11.52 – SA used in design of 6E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.82g 0.16g 1.49 0.23g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 0.91g -- 1.60 1.46g 
 
Table 11.53 – SA used in design of 9E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.52g 0.094g 1.93 0.18g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.54 – SA used in design of 12E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.35g 0.059g 2.00 0.12g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
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Table 11.55 – SA used in design of 15E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.25g 0.042g 2.00 0.085g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.56 – SA used in design of 18E-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.18g 0.075g 2.00 0.15g 
2 0.98g -- 1.60 1.56g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.57 – SA used in design of 4EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 1.00g 0.37g 1.20 0.44g 
2 1.00g -- 1.60 1.60g 
3 0.89g -- 1.60 1.42g 
4 0.85g -- 1.60 1.36g 
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Table 11.58 – SA used in design of 6EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.86g 0.16g 1.49 0.24g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 0.91g -- 1.60 1.46g 
 
Table 11.59 – SA used in design of 9EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.53g 0.090g 1.93 0.17g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.60 – SA used in design of 12EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.37g 0.062g 2.00 0.12g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
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Table 11.61 – SA used in design of 15EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.28g 0.055g 2.00 0.11g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
 
Table 11.62 – SA used in design of 18EO-GL-story archetype SC-CBF 
 
Mode SADS,n αY,1 γn γ1∙αY,1 & γn∙SADS,n 
1 0.21g 0.048g 2.00 0.095g 
2 1.00g -- 1.60 1.60g 
3 1.00g -- 1.60 1.60g 
4 1.00g -- 1.60 1.60g 
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Table 11.63 – Overturning moments calculated in design of archetype SC-CBFs 
 
Archetype OMD (kip∙in) OMY (kip∙in) OMelastic (kip∙in) OMDBE (kip∙in) 
4-story 181,000 432,000 1,359,000 412,000 
6-story 266,000 543,000 2,852,000 527,000 
9-story 440,000 707,000 4,252,000 665,000 
12-story 783,000 1,024,000 6,223,000 1,014,000 
6E-story 219,000 367,000 2,558,000 365,000 
9E-story 336,000 472,000 4,252,000 445,000 
12E-story 385,000 513,000 6,223,000 468,000 
15E-story 491,000 569,000 8,367,000 558,000 
18E-story 1,268,000 1,431,000 10,662,000 1,380,000 
4EO-GL-story 308,000 427,000 1,359,000 418,000 
6EO-GL-story 318,000 380,000 2,672,000 379,000 
9EO-GL-story 412,000 449,000 4,252,000 440,000 
12EO-GL-story 498,000 535,000 6,222,000 520,000 
15EO-GL-story 685,000 742,000 8,367,000 710,000 
18EO-GL-story 841,000 922,000 10,662,000 872,000 
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Table 11.64 – Design parameters for archetype SC-CBFs 
 
Archetype 
kelastic  
(kip•in/rad) 
kpdT 
(kip•in/rad) 
αkT 
VED 
(kips) 
βE βSC RA RA,D-Drift 
4-story 2.66e8 1.93e7 0.073 0 0.57 0.36 7.52 6.18 
6-story 3.50e8 1.52e7 0.043 0 0.35 0.24 10.7 7.19 
9-story 4.53e8 9.56e7 0.021 0 0.20 0.16 9.66 6.17 
12-story 4.10e8 6.36e6 0.016 0 0.14 0.12 7.95 3.98 
6E-story 3.08e8 7.25e6 0.024 140 0.51 0.43 11.7 7.92 
9E-story 4.02e8 1.43e6 0.0036 285 0.44 0.41 12.6 7.27 
12E-story 4.05e8 -5.89e6 0 425 0.46 0.45 16.2 7.61 
15E-story 3.83e8 -1.38e7 0 575 0.45 0.45 17.0 6.69 
18E-story 3.28e8 -1.59e7 0 1600 0.46 0.46 8.41 2.71 
4EO-GL-story 3.18e8 1.23e7 0.039 380 0.44 0.44 4.42 3.74 
6EO-GL-story 3.44e8 2.19e6 0.0064 435 0.49 0.49 8.40 5.82 
9EO-GL-story 4.00e8 -3.78e6 0 550 0.48 0.48 10.3 5.99 
12EO-GL-story 4.27e8 -9.01e6 0 600 0.43 0.43 12.5 6.13 
15EO-GL-story 4.81e8 -1.47e7 0 850 0.45 0.45 12.2 5.45 
18EO-GL-story 4.47e8 -2.20e7 0 1000 0.43 0.43 12.7 4.79 
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Table 11.65 – Drift and ductility parameters for archetype SC-CBFs 
 
Archetype 
T1,Def 
(sec) 
θD 
(% rad) 
θY,n 
(% rad) 
Cξ∙θDBE,fdd 
(% rad) 
μDBE Cξ 
Cξ∙θstory,dd 
(% rad) 
4-story 0.48 0.068 1.27 1.02 12.47 1.21 1.07 
6-story 0.71 0.076 1.58 1.36 15.39 1.16 1.47 
9-story 1.09 0.097 1.73 1.39 12.30 1.16 1.56 
12-story 1.69 0.19 1.55 1.42 6.38 1.16 1.65 
6E-story 0.79 0.071 1.46 1.34 16.28 1.16 1.44 
9E-story 1.22 0.084 1.69 1.32 13.54 1.16 1.48 
12E-story 1.81 0.095 2.21 1.42 12.85 1.16 1.65 
15E-story 2.55 0.13 1.76 1.49 9.97 1.16 1.80 
18E-story 3.46 0.39 1.98 1.44 3.22 1.16 1.80 
4EO-GL-story 0.45 0.097 0.98 0.84 7.19 1.21 0.88 
6EO-GL-story 0.74 0.092 1.36 1.28 11.91 1.16 1.38 
9EO-GL-story 1.19 0.10 1.76 1.31 10.89 1.16 1.47 
12EO-GL-story 1.70 0.12 2.29 1.37 10.07 1.16 1.59 
15EO-GL-story 2.22 0.14 2.85 1.33 8.04 1.16 1.60 
18EO-GL-story 2.99 0.19 3.42 1.42 6.47 1.16 1.77 
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Table 11.66 – Summary of some key design parameters for archetype SC-CBFs 
 
Archetype 
Aspect 
Ratio 
(height/
width) 
T1 
(sec) 
T1,Def 
(sec) 
Cξ∙θDBE,fdd 
(% rad) 
βE βSC RA 
WSC-CBF 
(kips) 
Parameters 
Strongly 
Influencing
Design 
4-story 2.16 0.42 0.48 1.02 0.58 0.36 7.52 54.9 ----- 
6-story 3.20 0.65 0.71 1.36 0.35 0.24 10.7 105.5 Cξ∙θDBE,fdd 
9-story 4.76 1.02 1.09 1.39 0.20 0.16 9.66 219.8 Cξ∙θDBE,fdd 
12-story 6.32 1.58 1.69 1.42 0.14 0.12 7.95 350.1 Cξ∙θDBE,fdd, 
AMS* 
6E-story 3.20 0.73 0.79 1.34 0.51 0.43 11.7 83.7 Cξ∙θDBE,fdd, 
9E-story 4.76 1.14 1.22 1.32 0.44 0.41 12.6 177.9 Cξ∙θDBE,fdd 
12E-story 6.32 1.71 1.81 1.42 0.46 0.45 16.2 275.6 Cξ∙θDBE,fdd 
15E-story 7.88 2.41 2.55 1.49 0.45 0.45 17.0 396.4 Cξ∙θDBE,fdd, 
AMS* 
18E-story 9.44 3.30 3.46 1.44 0.46 0.46 8.41 585.4 Cξ∙θDBE,fdd, 
AMS* 
4EO-GL-story 1.80 0.40 0.45 0.84 0.44 0.44 4.42 57.0 βSC 
6EO-GL-story 2.67 0.70 0.74 1.28 0.49 0.49 8.40 80.1 βSC 
9EO-GL-story 3.97 1.13 1.19 1.31 0.48 0.48 10.3 148.1 βSC 
12EO-GL-story 5.27 1.63 1.70 1.37 0.43 0.43 12.5 237.3 βSC 
15EO-GL-story 6.57 2.12 2.22 1.33 0.45 0.45 12.2 371.2 βSC, AMS* 
18EO-GL-story 7.87 2.85 2.99 1.42 0.43 0.43 12.7 509.4 AMS* 
*AMS = Available Member Sizes 
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Table 11.67 – Comparison of drift related design parameters between archetype SC-CBFs 
designed using the first generation design procedure and the proposed design procedure 
 
 
First Generation Design Procedure 
(Roke et al. (2010)) 
Proposed Design Procedure 
(Uses 2CQC-25) 
Archetype βE 
θD 
(% rad) 
μDBE 
RA,D-
Drift 
Cξ∙θDBE,fdd 
(% rad) 
βE 
θD 
(% rad) 
μDBE 
RA,D-
Drift 
Cξ∙θDBE,fdd 
(% rad) 
4-story 0.51 0.074 11.39 5.70 1.02 0.58 0.068 12.47 6.18 1.02 
6-story 0.36 0.080 16.19 8.13 1.51 0.35 0.076 15.39 7.19 1.36 
9-story 0.20 0.11 11.44 6.44 1.52 0.20 0.097 12.30 6.17 1.39 
12-story 0.14 0.18 7.36 4.63 1.51 0.14 0.19 6.38 3.98 1.42 
6E-story 0.52 0.081 14.22 7.87 1.36 0.51 0.071 16.28 7.92 1.34 
9E-story 0.47 0.11 10.49 6.76 1.38 0.44 0.084 13.54 7.27 1.32 
12E-story 0.48 0.15 7.77 5.60 1.39 0.46 0.095 12.85 7.61 1.42 
15E-story 0.45 0.17 7.01 5.26 1.39 0.45 0.13 9.97 6.69 1.49 
18E-story 0.46 0.39 3.13 2.73 1.41 0.46 0.39 3.22 2.71 1.44 
4EO-GL-story 0.47 0.085 9.68 4.62 0.99 0.44 0.097 7.19 3.74 0.84 
6EO-GL-story 0.46 0.11 10.74 5.76 1.32 0.49 0.092 11.91 5.82 1.28 
9EO-GL-story 0.48 0.14 7.99 5.14 1.28 0.48 0.10 10.89 5.99 1.31 
12EO-GL-story 0.43 0.13 8.73 5.73 1.37 0.43 0.12 10.07 6.13 1.37 
15EO-GL-story 0.45 0.15 7.47 5.28 1.32 0.45 0.14 8.04 5.45 1.33 
18EO-GL-story 0.43 0.18 6.45 4.85 1.38 0.43 0.19 6.47 4.79 1.42 
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Table 11.68 – Comparison of design parameters between archetype SC-CBFs designed 
using the first generation design procedure and the proposed design procedure 
 
  
First Generation Design Procedure 
(Roke et al. (2010)) 
Proposed Design Procedure 
(Uses 2CQC-25) 
Archetype 
Aspect 
Ratio 
(height/
width) 
T1 
(sec) 
RA 
APT 
(in
2
) 
WSC-CBF
*
 
(kips) 
T1 
(sec) 
RA 
APT 
(in
2
) 
WSC-CBF 
(kips) 
4-story 2.16 0.48 7.45 12.50 46.0 0.42 7.52 15.0 54.9 
6-story 3.20 0.84 13.2 15.80 73.3 0.65 10.7 22.1 105.5 
9-story 4.76 1.32 12.7 26.20 157.4 1.02 9.66 31.2 219.8 
12-story 6.32 1.78 10.2 36.68 277.8 1.58 7.95 47.2 350.1 
6E-story 3.20 0.93 14.3 9.48 64.5 0.73 11.7 12.5 83.7 
9E-story 4.76 1.50 15.1 12.50 129.7 1.14 12.6 15.8 177.9 
12E-story 6.32 2.06 14.0 15.8 228.0 1.71 16.2 15.7 275.6 
15E-story 7.88 2.51 13.8 26.2 382.9 2.41 17.0 15.7 396.4 
18E-story 9.44 3.34 8.44 41.6 560.1 3.30 8.41 41.6 585.4 
4EO-GL-story 1.80 0.48 6.30 5.10 41.4 0.40 4.42 10.0 57.0 
6EO-GL-story 2.67 0.86 9.70 3.40 67.2 0.70 8.40 5.10 80.1 
9EO-GL-story 3.97 1.36 10.4 3.40 133.1 1.13 10.3 3.40 148.1 
12EO-GL-story 5.27 1.80 12.5 3.40 226.2 1.63 12.5 3.40 237.3 
15EO-GL-story 6.57 2.21 12.2 5.24 366.1 2.12 12.2 5.24 371.2 
18EO-GL-story 7.87 2.84 12.6 7.50 529.7 2.85 12.7 7.50 509.4 
*Many of these archetype SC-CBFs did not meet the performance objectives in Section 3.3.1 
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Table 11.69 – Modal properties for 4-story archetype SC-CBF from nonlinear numerical 
simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.51 1.35 7.10 0.91 
2 0.17 -0.46 0.66 0.085 
3 0.097 0.12 0.082 0.010 
4 0.057 -0.030 0.0035 0.00044 
 
Table 11.70 – Modal properties for first four modes of 6-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.72 1.44 9.76 0.80 
2 0.22 -0.64 2.18 0.18 
3 0.13 0.26 0.24 0.020 
4 0.087 -0.11 0.058 0.0048 
 
Table 11.71 – Modal properties for first four modes of 9-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.10 1.50 13.8 0.73 
2 0.30 -0.73 3.95 0.21 
3 0.16 -0.33 0.86 0.046 
4 0.11 0.17 0.26 0.014 
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Table 11.72 – Modal properties for first four modes of 12-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.70 1.52 17.7 0.69 
2 0.38 -0.76 5.79 0.22 
3 0.19 0.39 1.50 0.058 
4 0.13 -0.26 0.46 0.018 
 
Table 11.73 – Modal properties for first four modes of 6E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.80 1.44 9.75 0.80 
2 0.25 -0.63 2.12 0.17 
3 0.14 0.26 0.25 0.020 
4 0.098 -0.11 0.069 0.0056 
 
Table 11.74 – Modal properties for first four modes of 9E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.22 1.50 13.7 0.72 
2 0.33 -0.75 3.87 0.21 
3 0.18 0.36 0.94 0.050 
4 0.12 0.17 0.27 0.014 
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Table 11.75 – Modal properties for first four modes of 12E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.79 1.49 17.7 0.69 
2 0.43 -0.77 5.32 0.21 
3 0.23 0.42 1.76 0.069 
4 0.15 -0.25 0.48 0.019 
 
Table 11.76 – Modal properties for first four modes of 15E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 2.63 1.53 21.4 0.66 
2 0.54 -0.84 6.86 0.21 
3 0.28 0.47 2.36 0.073 
4 0.19 -0.28 0.87 0.027 
 
Table 11.77 – Modal properties for first four modes of 18E-story archetype SC-CBF from 
nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 3.52 1.54 24.9 0.64 
2 0.68 -0.85 9.44 0.24 
3 0.31 0.46 3.20 0.082 
4 0.20 -0.24 1.02 0.026 
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Table 11.78 – Modal properties for 4EO-GL-story archetype SC-CBF from nonlinear 
numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.48 1.32 7.23 0.92 
2 0.16 -0.43 0.54 0.069 
3 0.098 0.12 0.080 0.010 
4 0.061 -0.029 0.0034 0.00044 
 
Table 11.79 – Modal properties for first four modes of 6EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 0.78 1.44 9.88 0.81 
2 0.25 -0.62 2.00 0.16 
3 0.14 0.24 0.24 0.020 
4 0.099 -0.099 0.061 0.0050 
 
Table 11.80 – Modal properties for first four modes of 9EO-GL-story archetype SC-CBF 
from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.22 1.52 13.5 0.72 
2 0.35 -0.76 4.07 0.22 
3 0.19 0.34 0.85 0.045 
4 0.12 0.15 0.22 0.012 
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Table 11.81 – Modal properties for first four modes of 12EO-GL-story archetype SC-
CBF from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 1.74 1.53 17.3 0.68 
2 0.44 -0.82 5.56 0.23 
3 0.23 0.44 1.69 0.066 
4 0.16 -0.25 0.49 0.019 
 
Table 11.82 – Modal properties for first four modes of 15EO-GL-story archetype SC-
CBF from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 2.26 1.53 21.5 0.67 
2 0.52 -0.86 6.84 0.21 
3 0.28 0.45 2.32 0.072 
4 0.18 -0.28 0.76 0.024 
 
Table 11.83 – Modal properties for first four modes of 18EO-GL-story archetype SC-
CBF from nonlinear numerical simulation model 
 
Mode Tn (seconds) Γn Mn
*
 (kip∙sec2/in) Mn
*
/Mtotal 
1 3.05 1.54 25.6 0.66 
2 0.63 -0.84 8.33 0.21 
3 0.31 0.49 2.71 0.070 
4 0.20 -0.29 1.22 0.031 
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Table 11.84 – Statistics of   n / (γn∙SADS,n) across all redesigned archetype SC-CBFs 
calculated using proposed γn from Section 8.2.3 
 
 1
st
 
Mode 
2
nd
 
Mode 
3
rd
 
Mode 
4
th
 
Mode 
μ 0.84 1.05 0.85 0.81 
σ 0.21 0.18 0.12 0.15 
μ + 1∙σ 1.06 1.23 0.97 0.96 
 
Table 11.85 – ρin for first 3 modes of redesigned 18EO-GL-story archetype SC-CBF 
calculated using   i(t) and   n(t) at time of peak column axial force in 1
st
 story for ground 
motion Set I 
 
Mode 1 2 3 
1 1.00 -0.91 0.07 
2 -0.91 1.00 -0.27 
3 0.07 -0.27 1.00 
 
Table 11.86 – Statistics of 10% POE normalized member utilization across all redesigned 
archetype SC-CBFs using proposed design procedure from Section 10.1 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.67 0.80 0.69 0.81 0.59 0.63 0.84 0.56 
σ 0.17 0.12 0.10 0.12 0.18 0.18 0.08 0.09 
μ + 1∙σ 0.84 0.92 0.79 0.93 0.77 0.81 0.92 0.65 
 
Table 11.87 – Statistics of 5% POE normalized member utilization across all redesigned 
archetype SC-CBFs using proposed design procedure from Section 10.1 
 
 
Columns Braces Beams 
Dist. 
Strut 
Base 
Strut 
Lower 
Stories 
Upper 
Stories 
Lower 
Stories 
Upper 
Stories 
Lower 
Floors 
Upper 
Floors 
μ 0.70 0.85 0.73 0.87 0.66 0.71 0.87 0.61 
σ 0.19 0.13 0.10 0.14 0.19 0.20 0.09 0.08 
μ + 1∙σ 0.89 0.99 0.84 1.01 0.85 0.91 0.96 0.70 
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Figure 11.1 – Peak roof drift demand (θr,Peak) for the 4, 6, 9, and 12-story archetype SC-
CBFs subjected to ground motion Set I 
 
 
Figure 11.2 – Peak roof drift demand (θr,Peak) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.3 – Peak roof drift demand (θr,Peak) for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-
GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.4 – Peak story drift demand (θs,Peak) for the 4, 6, 9, and 12-story archetype SC-
CBFs subjected to ground motion Set I 
703 
 
 
Figure 11.5 – Peak story drift demand (θs,Peak) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.6 – Peak story drift demand (θs,Peak) for the 4EO-GL, 6EO-GL, 9EO-GL, 
12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 11.7 – Residual roof drift (θr,Res) for the 4, 6, 9, and 12-story archetype SC-CBFs 
subjected to ground motion Set I 
 
 
Figure 11.8 – Residual roof drift (θr,Res) for the 6E, 9E, 12E, 15E, and 18E-story 
archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.9 – Residual roof drift (θr,Res) for the 4EO-GL, 6EO-GL, 9EO-GL, 12EO-GL, 
15EO-GL, and 18EO-GLstory archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.10 – Peak normalized PT bar force (PTNorm) for the 4, 6, 9, and 12-story 
archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.11 – Peak normalized PT bar force (PTNorm) for the 6E, 9E, 12E, 15E, and 18E-
story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.12 – Peak normalized PT bar force (PTNorm) for the 4EO-GL, 6EO-Gl, 9EO-
GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
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Figure 11.13 – Normalized peak base overturning moment (OMNorm) for the 4, 6, 9, and 
12-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.14 – Normalized peak modal overturning moment (OMNorm) for the 6E, 9E, 
12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.15 – Normalized peak base overturning moment (OMNorm) for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
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Figure 11.16 – Peak effective pseudo-acceleration ( n) for the 4, 6, 9, and 12-story 
archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.17 – Reduced plot of peak effective pseudo-acceleration ( n) for the 4, 6, 9, and 
12-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.18 – Peak effective pseudo-acceleration ( n) for the 6E, 9E, 12E, 15E, and 
18E-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.19 – Reduced plot of peak effective pseudo-acceleration ( n) for the 6E, 9E, 
12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.20 – Peak effective pseudo-acceleration ( n) for the 4EO-GL, 6EO-GL, 9EO-
GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected to ground 
motion Set I 
 
Figure 11.21 – Reduced plot of peak effective pseudo-acceleration ( n) for the 4EO-GL, 
6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
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Figure 11.22 – Normalized column axial utilization (UColumn,TH) of 4-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.23 – Normalized column axial utilization (UColumn,TH) of 6-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.24 – Normalized column axial utilization (UColumn,TH) of 9-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.25 – Normalized column axial utilization (UColumn,TH) of 12-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.26 – Normalized column axial utilization (UColumn,TH) of 6E-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.27 – Normalized column axial utilization (UColumn,TH) of 9E-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.28 – Normalized column axial utilization (UColumn,TH) of 12E-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.29 – Normalized column axial utilization (UColumn,TH) of 15E-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.30 – Normalized column axial utilization (UColumn,TH) of 18E-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.31 – Normalized column axial utilization (UColumn,TH) of 4EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 11.32 – Normalized column axial utilization (UColumn,TH) of 6EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 11.33 – Normalized column axial utilization (UColumn,TH) of 9EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 11.34 – Normalized column axial utilization (UColumn,TH) of 12EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 11.35 – Normalized column axial utilization (UColumn,TH) of 15EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
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Figure 11.36 – Normalized column axial utilization (UColumn,TH) of 18EO-GL-story 
archetype SC-CBF subjected to ground motion Set I 
 
 
Figure 11.37 – Normalized brace axial utilization (UBrace,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 11.38 – Normalized brace axial utilization (UBrace,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 11.39 – Normalized brace axial utilization (UBrace,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 11.40 – Normalized brace axial utilization (UBrace,TH) of 12-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.41 – Normalized brace axial utilization (UBrace,TH) of 6E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.42 – Normalized brace axial utilization (UBrace,TH) of 9E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.43 – Normalized brace axial utilization (UBrace,TH) of 12E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.44 – Normalized brace axial utilization (UBrace,TH) of 15E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.45 – Normalized brace axial utilization (UBrace,TH) of 18E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.46 – Normalized brace axial utilization (UBrace,TH) of 4EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.47 – Normalized brace axial utilization (UBrace,TH) of 6EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.48 – Normalized brace axial utilization (UBrace,TH) of 9EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.49 – Normalized brace axial utilization (UBrace,TH) of 12EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.50 – Normalized brace axial utilization (UBrace,TH) of 15EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.51 – Normalized brace axial utilization (UBrace,TH) of 18EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.52 – Normalized beam axial utilization (UBeam,TH) of 4-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 11.53 – Normalized beam axial utilization (UBeam,TH) of 6-story archetype SC-CBF 
subjected to ground motion Set I 
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Figure 11.54 – Normalized beam axial utilization (UBeam,TH) of 9-story archetype SC-CBF 
subjected to ground motion Set I 
 
 
Figure 11.55 – Normalized beam axial utilization (UBeam,TH) of 12-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.56 – Normalized beam axial utilization (UBeam,TH) of 6E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.57 – Normalized beam axial utilization (UBeam,TH) of 9E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.58 – Normalized beam axial utilization (UBeam,TH) of 12E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.59 – Normalized beam axial utilization (UBeam,TH) of 15E-story archetype SC-
CBF subjected to ground motion Set I 
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Figure 11.60 – Normalized beam axial utilization (UBeam,TH) of 18E-story archetype SC-
CBF subjected to ground motion Set I 
 
 
Figure 11.61 – Normalized beam axial utilization (UBeam,TH) of 4EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.62 – Normalized beam axial utilization (UBeam,TH) of 6EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.63 – Normalized beam axial utilization (UBeam,TH) of 9EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.64 – Normalized beam axial utilization (UBeam,TH) of 12EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.65 – Normalized beam axial utilization (UBeam,TH) of 15EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
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Figure 11.66 – Normalized beam axial utilization (UBeam,TH) of 18EO-GL-story archetype 
SC-CBF subjected to ground motion Set I 
 
 
Figure 11.67 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 4, 6, 9, 
and 12-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.68 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 6E, 9E, 
12E, 15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.69 – Normalized distribution strut axial utilization (UDistStrut,TH) for the 4EO-
GL, 6EO-GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs 
subjected to ground motion Set I 
 
736 
 
 
Figure 11.70 – Normalized base strut axial utilization (UBaseStrut,TH) for the 4, 6, 9, 12, 15, 
and 18-story archetype SC-CBFs subjected to ground motion Set I 
 
 
Figure 11.71 – Normalized base strut axial utilization (UBaseStrut,TH) for the 6E, 9E, 12E, 
15E, and 18E-story archetype SC-CBFs subjected to ground motion Set I 
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Figure 11.72 – Normalized base strut axial utilization (UBaseStrut,TH) for the 4EO-GL, 6EO-
GL, 9EO-GL, 12EO-GL, 15EO-GL, and 18EO-GL-story archetype SC-CBFs subjected 
to ground motion Set I 
 
 
Figure 11.73 – Peak column axial force data for 18EO-GL-story SC-CBF subjected to 
ground motion Set I compared with Fx,fdd for different modal combination 
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CHAPTER 12 
SUMMARY AND CONCLUSIONS 
 
12.1 Summary 
12.1.1 Motivation for Present Research 
Conventional steel concentrically-braced frames (CBFs) are a stiff and efficient seismic 
lateral force resisting system, but they have limited ductility capacity due to brace 
buckling, low-cycle fatigue, and fracture.  Under earthquake loading, conventional CBFs 
dissipate energy by yielding and buckling of braces and yielding of gusset plates.  This 
behavior results in significant damage to the CBF after the earthquake and residual lateral 
drift.  This damage and residual lateral drift may render the structure unusable.  Costly 
repairs or demolition and reconstruction may be needed.  If numerous structures in a 
region are damaged in this way, then the social and economic activities of the region will 
be severely disrupted. 
A new seismic lateral force resisting system, known as the self-centering concentrically-
braced frame (SC-CBF), has been developed and studied at Lehigh University.  This 
system was shown to be able to undergo design basis earthquake (DBE) ground motions 
with no damage through laboratory testing of a 4-story 0.6-scale SC-CBF (Roke et al. 
2010).  A first generation design procedure was developed by Roke et al. (2010) by 
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studying 6-story SC-CBFs.  The response of taller SC-CBFs to earthquake ground 
motions was not known.  In addition, the use of the first generation design procedure 
developed by Roke et al. (2010) for design of taller SC-CBF structures had not been 
studied.  In addition, previous research provided little data to show how ground motion 
selection affects the performance of the SC-CBF system.  Finally, there was a lack of 
information on how SC-CBF response might affect the performance of nonstructural 
systems.  These issues regarding SC-CBFs provided the motivation for the research 
presented in this document. 
12.1.2 Research Objectives 
To better understand SC-CBF behavior and develop an acceptable design procedure for 
SC-CBFs, this research program had the following objectives: 
 To understand the response of SC-CBF buildings across a range of building 
heights when subjected to DBE ground motions. 
 To understand the changes in SC-CBF response to sets of ground motions 
selected to represent the DBE using various selection criteria. 
 To understand SC-CBF response may affect the response of acceleration-sensitive 
nonstructural components relative to conventional steel concentrically braced 
frames (CBFs). 
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 Evaluate the Roke et al. (2010) first generation design procedure in terms of peak 
member forces and peak drift demands for SC-CBFs across a range of SC-CBF 
building heights. 
 Propose changes or improvements to the Roke et al. (2010) first generation design 
procedure as necessary. 
12.1.3 Research Scope 
The scope of the research reported in this document consisted of the following tasks: 
1. Design 18 archetype SC-CBFs for buildings with different heights (4, 6, 9, 12, 
15, and 18-stories) and and with different types of energy dissipation devices 
using a slightly improved version of the Roke et al. (2010) design procedure. 
2. Develop nonlinear numerical simulation models for nonlinear time-history 
analyses of the archetype SC-CBFs and calibrate the nonlinear numerical 
simulation model with laboratory test results.  The laboratory test data is 
documented in Roke et al. (2010), Gonner et al. (2010), and Chancellor et al. 
(2010). 
3. Select several ground motion sets to represent the seismic hazard defined at a 
period of interest (TA).  TA is typically set equal to the first mode period (T1) of 
the structure, so various ground motion sets selected with TA = T1 were 
selected for the various archetype SC-CBF buildings with different heights.  
Ground motions selected to represent a seismic hazard with a low probability 
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of exceedance (POE) (e.g., the spectral acceleration (SA) at TA with 10% POE 
in 50 years), usually have a peak in the spectral shape at TA (Baker and 
Cornell 2005).  Ground motion sets were also selected to represent the seismic 
hazard over a broad period range (rather than at TA only). These ground 
motion sets match the the design spectrum, SADS, over the broad period range.  
Although the ground motion sets were selected for use with nonlinear 
numerical simulation models of SC-CBFs they were also applied to single 
degree-of-freedom (SDOF) structures to examine the effect of ground motion 
selection on the response. 
4. Subject nonlinear numerical simulation models of the archetype SC-CBFs to 
DBE intensity ground motion sets, and compare the results of the nonlinear 
time-history analyses with the design demands estimated by the Roke et al. 
(2010) design procedure to assess the ability of the design demand to estimate 
the peak responses. 
5. Calculate floor acceleration response spectra (SA) using results from the 
nonlinear time-history analyses.  Compare the floor SA data for SC-CBFs to 
floor SA data for conventional CBFs to understand how the behavior of SC-
CBFs might impact acceleration-sensitive nonstructural components of 
buildings during intense ground shaking. 
6. Study alternative design approaches to address the shortcomings in the Roke 
et al. (2010) design procedure.  
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7. Propose an improved second generation design procedure for SC-CBFs that is 
applicable for SC-CBFs across a range of building heights. 
8. Redesign the archetype SC-CBF systems from Task 1 using the second 
generation design procedure from Task 7 and study the redesigns using 
nonlinear time-history analyses to validate the proposed design procedure. 
9. Summarize the findings and conclusions of the research and give 
recommendations for future research. 
12.2 Findings 
This section presents findings of this research.  Ground motion Set I was used for all 
findings except the findings in Section 12.2.5. 
12.2.1 SC-CBF Building Response Across Range of Building Heights 
 The nonlinear time-history analysis data indicates that, as the height of the 
SC-CBF increases, the assumption that the base overturning moment is 
largely a first mode response is violated. 
 The median first mode modal overturning moment ratio (OMMR,1) from 
nonlinear time-history analysis data generally decreases with increasing SC-
CBF height, but not as fast as estimated by the design demands from the Roke 
et al. (2010) design procedure. 
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 The median second mode modal overturning moment ratio (OMMR,2) from 
nonlinear time-history analysis data generally increases with increasing SC-
CBF height, but not as fast as estimated by the design demands from the Roke 
et al. (2010) design procedure. 
 The residual roof drift (θr,Res) from nonlinear time-history analysis data is 
generally negligible for all archetype SC-CBFs. 
 The increase in the median peak story drift (θs,Peak) relative to the median peak 
roof drift (θr,Peak) is larger as the height of the SC-CBF increases. 
 The ratio of the median θs,Peak to median θr,Peak versus SC-CBF height is 
approximated well by a second order polynomial. 
 The energy dissipation ratio (βE) decreases with increasing SC-CBF height 
when lateral load bearings with friction are used as the only source of energy 
dissipation.  
 Adding supplemental energy dissipation devices at the base of the SC-CBF 
columns results in more efficient designs than SC-CBFs using only lateral 
load bearings with friction. 
12.2.2 Influence of Energy Dissipation Mechanism on SC-CBF Response 
 The use of lateral load bearings with friction increases the dispersion in the 
peak base overturning moment response. 
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12.2.3 Effect of SC-CBF Response on Floor Acceleration Response Spectra 
 The floor acceleration response spectra for SC-CBFs generally do not 
decrease with increasing period for periods longer than T1 as fast as floor 
acceleration response spectra for conventional CBFs. 
 The story shear yielding mechanism of conventional CBFs (due to brace 
yielding and buckling) appears to reduce the floor acceleration response 
spectra in the short period range (<0.6 seconds). 
12.2.4 Effect of Restraint from Gravity System on Behavior of SC-CBFs 
 The moment developed at the ends the primary gravity beams attached to the 
#EO-GL archetype SC-CBF columns enables the beams to restrain the uplift 
of the SC-CBF columns and therefore restrain the rocking of the SC-CBF.  
The moment capacity at the ends of the gravity beams is limited by the yield 
capacity of the shear tabs (Liu and Astaneh-Asl 2004).  A study of this 
restraint mechanism showed that its effect on the SC-CBF response is not 
significant.  A more complete study is needed, which should take into account 
the effect of restraint from bending of the floor slab and other sources of 
restraint. 
12.2.5 Effect of Ground Motion Selection and Scaling on SC-CBF Behavior 
 Ground motion sets selected to match the seismic hazard at TA = T1 (with a 
peak in the spectral shape at T1 and SA values less than SADS at periods longer 
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than T1) did not cause as much peak drift (θr,Peak, θs,Peak) demand as a ground 
motion set which was selected to represent the seismic hazard (SADS) over a 
broad period range. 
 Ground motions sets selected match the seismic hazard established at TA 
longer than T1 can induce larger response of an SC-CBF than a ground motion 
set selected match the seismic hazard established at TA = T1, for the SC-CBF. 
 For self-centering single degree-of-freedom (SDOF) structures with low 
response modification coefficient (R) values, the ductility demands produced 
by a ground motion set selected to match the seismic hazard at TA = T1 are 
greater than the ductility demands produced by ground motion sets selected to 
match the seismic hazard at TA longer than T1.  As the R value increases, this 
behavior changes and some ground motion sets selected to match the seismic 
hazard at TA longer than T1 produce greater ductility demands. 
12.2.6 Accuracy of Member Force Design Demands and Drift Design Demands 
Estimated Using Roke et al. (2010) First Generation Design Procedure  
 The median θr,Peak for the 4-story and 4EO-GL-story archetype SC-CBFs was 
significantly under-estimated by Cξ∙θDBE,fdd, which is the roof drift design 
demand intended to estimate the median θr,Peak. 
 The median θr,Peak for taller SC-CBFs (greater than 9 stories) was generally 
over-estimated and in some cases significantly over-estimated by Cξ∙θDBE,fdd. 
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 As the height of the SC-CBF increases for the taller SC-CBFs, Cξ∙θDBE,fdd 
increasingly over-estimates the median θr,Peak.   
 The Roke et al. (2010) design procedure uses modal load factors (γn) 
multiplied with SADS,n (γn∙SADS,n) to estimate the 5% POE value of the peak 
effective pseudo-acceleration ( n) for each mode.  γ1∙SADS,1 (γ1∙ Y,1) is 
generally significantly less than the 5% POE peak  n, when the γn values from 
Roke et al. (2010) are used.   
 γn∙SADS,n from the Roke et al. (2010) design procedure is generally 
significantly greater than the 5% POE peak  n for the higher modes (greater 
than the 1
st
 mode) with significant modal mass. 
 UColumn,TH is the peak column axial force from time-history analysis divided by 
the factored member force design demand (Fx,fdd).  A 5% POE value of 
UColumn,TH greater than 1.0 is undesirable, since it indicates that performance 
objective of avoiding member yielding under the DBE (see Section 3.3.1) will 
not be achieved.  The largest 5% POE UColumn,TH using Roke et al. (2010) 
design procedure generally occurs towards the middle or lower-middle stories 
and was greater than 1.0 for for many columns. 
 The 5% POE value of UColumn,TH is very large, greater than 2.0, for the top 
story columns in archetype SC-CBFs with an odd number of stories using 
lateral load bearings with friction.   
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 The Roke et al. (2010) design procedure assumes that friction forces in the 
lateral load bearings develop only under first mode lateral forces.  However, 
significant friction forces due to higher mode lateral forces are evident in the 
time-history response. 
 The largest 5% POE value of the normalized brace axial utilization (UBrace,TH) 
based on the Roke et al. (2010) design procedure generally occurs about 2/3 
the height of the archetype SC-CBF and was greater than 1.0 for many stories, 
indicating greater potential for yielding of braces in those stories. 
 The 5% POE value of the normalized distribution strut axial utilization 
(UDistStrut,TH) generally decreases with increasing SC-CBF height, but in all 
cases was less than 1.0. 
12.2.7 Parameters Influencing Estimates of Peak Member Force Demands 
 The ratio of the 5% POE peak  n to SADS,1 for the first mode ( Y,1) varies with 
SC-CBF height.   
 The ratio of the 5% POE peak  n to SADS,n for the higher modes with 
significant modal mass can be estimated by a single value for all of the modes 
higher than the first mode. 
 It is important that the correlation between modes (ρin) be studied using  n 
data taken from the times of peak response.  In previous work (Roke et al. 
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2010), the modal correlation was studied at times of significant rocking 
response. 
 The correlation between modal responses at the time of peak response during 
nonlinear response of SC-CBFs can be much higher than predicted by existing 
formulas in the literature (e.g., Der Kiureghian 1981) for elastic structures.   
 The correlation between  n at the time of peak member force response can be 
negative, and in fact, will be negative, at times of peak response in certain 
members.  This is a significant finding that is in contrast to the previous work 
in the literature on modal correlation coefficients. 
 The correlation between  n at the time of peak member force response varies 
with the location and type of the member. 
12.2.8 Parameters Influencing Estimates of Peak Drift Demands 
 The ratio ( k) of the post-decompression stiffness over the elastic stiffeness of 
the SC-CBF is used the estimate the design ductility demand under the DBE 
(μDBE).  It was shown that global second order effects have a significant 
influence on the post-decompression stiffness of the SC-CBF.  μDBE is used in 
the calculation of Cξ∙θDBE,fdd. 
 The ratio ( kT) of the post-decompression stiffness considering global second-
order effects over the elastic stiffness of the SC-CBF should be used instead 
of  k when determining μDBE. 
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 The energy dissipation ratio (βE) calculated from time-history analysis data 
was shown be larger than the design value for some SC-CBFs and smaller for 
other SC-CBFs.  The SC-CBFs that used only yielding supplemental energy 
dissipation devices at the base of the SC-CBF columns consistently have 
smaller βE values calculated from time-history analysis than the value of βE 
used in design. 
 The roof drift at decompression (θD) is significantly influenced by the vertical 
foundation flexibility and to a lesser extent by the horizontal foundation 
flexibility for the shorter SC-CBFs.  θD is used in the calculation of Cξ∙θDBE,fdd. 
12.2.9 Development and Validation of Proposed Second Generation Design Procedure 
for SC-CBFs Across a Range of Heights 
 A set of modal load factors (γ n) were determined to estimate the median peak 
 n under the DBE from SADS,n.  γ 1 varies with SC-CBF height, while the 
higher mode γ n, do not (i.e., they are shown to be relatively constant). 
 A set of modal load factors (γn) were determined to estimate the 5% POE peak 
 n under the DBE from SADS,n.  γ1 varies with SC-CBF height, while the 
higher mode γn do not (i.e., they are shown to be relatively constant). 
 Since the correlation between  n at the time of peak member force response 
varies with the location and type of the member, one set of modal correlation 
coefficients (ρin) could not be used in a modal combination procedure to 
adequately estimate peak member force demands.  A modal combination 
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procedure which separately combines the modal responses using two sets of 
ρin was developed, denoted 2CQC, and was shown to be adequate for 
estimating member force demands for SC-CBFs over range of heights. 
 The vertical and horizontal foundation flexibility is included in the linear 
elastic analysis model when determining θD in the calculation of Cξ∙θDBE,fdd.  
 Second order effects are considered when determining the post-decompression 
stiffness  to elastic stiffness ratio ( kT) for use in the calculation of Cξ∙θDBE,fdd.  
12.3 Conclusions 
The major conclusions of the research described in this document are: 
 As the height of the SC-CBF increases, the base overturning moment becomes 
less dominated by first mode response.  As the height of the SC-CBF 
increases, the contribution of the second mode to the base overturning 
moment increases.  The rocking of the SC-CBF and subsequent yielding of 
the PT steel is intended to limit the base overturning moment that can develop 
and reduce the maximum forces that develop in the members.  As the base 
overturning moment is less dominated by first mode response, the current 
configuration of the SC-CBF system with a rocking response only at the base 
becomes less efficient in controlling the first mode response, as various 
combinations of first mode and second mode response will cause rocking.  
That is, the single rocking mechanism at the base will not control or limit the 
first mode response effectively as the height of the SC-CBF increases. 
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 Ground motion sets selected to evaluate structures should take into 
consideration that ground motions selected match the seismic hazard at TA 
greater than T1 may produce larger responses than ground motions selected to 
match the seismic hazard at TA = T1.  This result is due to the spectral shape of 
the ground motions.  At periods longer than TA, the SA values generally 
decrease as the period increases for rare ground motions (e.g., SA at TA with 
10% POE in 50 years).  As the structure becomes nonlinear and T1 lengthens, 
the structure may move into a region of greater demand if the ground motions 
were selected to match the seismic hazard at TA greater then T1. 
 The correlation between modal responses at the times of peak response during 
nonlinear response of SC-CBFs can be much higher than predicted by existing 
formulas in the literature (e.g., Der Kiureghian 1981) for elastic structures.  
This correlation can be negative, and in fact, will be negative, at times of peak 
response in certain members.  The correlation between modal responses at 
times of peak member force response varies with the location and type of the 
member.  This observation should be considered when combining modal 
responses to estimate peak member force demands. 
 The modal load factor needed to estimate the peak first mode response with a 
low POE varies with the height of the SC-CBF.  
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 It is important to consider the foundation flexibility and second order effects 
when estimating peak drift demands for SC-CBFs, particularly for short SC-
CBFs. 
12.4 Original Contributions of Research 
The original contributions of this research are: 
1. Increased understanding of SC-CBF response across a range of heights.  
Archetype SC-CBFs structures were designed with a range of heights and 
studied using time-history analyses to understand how the SC-CBF response 
changes as the height or aspect ratio of the SC-CBF increases. 
2. Demonstrated that the ground motion selection procedure can have a 
significant impact on the time-history analyses data.  It was shown that the 
now widely-used procedure for selecting and scaling sets of ground motions 
to match the seismic hazard at the first mode period of the structure (T1) does 
not necessarily produce as large a response as selecting and scaling sets of 
ground motions at periods longer than T1.  Therefore, ground motions selected 
and scaled to match the seismic hazard over broad period range were used. 
3. Showed the influence of SC-CBF behavior on floor acceleration response 
spectra relative to conventional CBFs.  Understanding the effect of the SC-
CBF system on acceleration-sensitive nonstructural components is important.  
Additionally, it is important to understand how the unique behavior of SC-
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CBFs affects floor acceleration response spectra relative to conventional 
CBFs. 
4. Studied the effect of the restraint from the gravity system on the response of 
the SC-CBF.  For SC-CBFs where the gravity framing attaches directly to the 
SC-CBF columns, it was not well understood how the restraint from the 
gravity floor beam connections affects the SC-CBF response.  The effect of 
the restraint of the gravity framing was not significant. 
5. Showed the effect of several types of energy dissipation sources on the 
response of SC-CBFs.  Lateral load bearings with friction can be used to 
prevent damage to the diaphragm during rocking of the SC-CBF, but they also 
increase the dispersion in some SC-CBF response quantities.  As the height of 
the SC-CBF increases, lateral load bearings with friction do not provide 
enough energy dissipation, resulting in uneconomical designs.  Therefore, 
supplemental energy dissipation devices may be used to increase the amount 
of energy dissipation and the efficiency of the SC-CBF system. 
6. Studied the effectiveness of the Roke et al. (2010) first generation design 
procedure to estimate peak member forces for SC-CBFs across a range of 
heights.  This study compared statistical data for peak member force demands 
from time-history analyses with member forces design demands calculated 
using the Roke et al. (2010) design procedure.  It was shown that the Roke et 
al. (2010) design procedure consistently under-predicts the peak column axial 
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forces and peak brace axial forces in some stories, particularly for taller SC-
CBFs.   
7. Studied the correlation in peak modal effective pseudo-acceleration at the time 
of peak response for SC-CBFs.  It is important to understand the correlation 
between the modal effective pseudo-acceleration at the times of peak member 
force response in order to develop an efficient procedure to estimate the peak 
member force demands under the DBE.  Previous research (Roke et al. 2010) 
only studied the correlation of the modal effective pseudo-acceleration during 
times of significant rocking response.  If the correlation determined at the time 
of peak response is used in the modal combination procedure, then 
significantly improved predictions of peak response can be made. 
8. Investigated how modal load factors vary with height of SC-CBFs.  The 
statistics of the peak modal effective pseudo-acceleration were compared with 
design spectral acceleration data for a range of SC-CBFs heights to show that 
the modal load factor for the first mode should change with height of the SC-
CBF. 
9. Studied parameters that influence estimates of the median peak roof drift 
demand under the DBE.  Multiple parameters influencing the estimate of the 
median peak rood drift demand were studied and compared to time-history 
and static displacement results.  Improved parameters were used in the 
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improved procedure proposed for determining the estimated roof drift design 
demand. 
10. Proposed and validated second generation design procedure for SC-CBF that 
adequately estimates peak member force demands and peak roof drift 
demands under the DBE.  A second generation design procedure was 
proposed based on findings from the research in this document.  The design 
procedure was validated through time-history analyses using archetype SC-
CBFs with a range of heights. 
12.5 Future Work 
The research detailed in this document extended the body of knowledge on the SC-CBF 
system.  However there are many areas where further research is necessary.  Future 
research includes: 
 Investigating the effect of relaxing the design performance objectives and 
allowing small amounts of member damage under the DBE on the 
performance, economy, and safety of SC-CBFs, 
 Investigating anchoring the post-tensioning steel at locations other than the 
roof and foundation of the structure, 
 Further investation of the effect the gravity system on the dynamic response of 
#EO-GL-story SC-CBFs, including how restraint from the floor diaphragm 
and possible tension in the gravity beams effects the SC-CBF and the effect 
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on the SC-CBF of dynamic impact loads due to added mass on the SC-CBF 
columns (relative the #-story and #E-story SC-CBFs), 
 Investigating approaches to reduce higher mode effects (see Weibe et al. 
2013a, Weibe et al. 2013b), 
 Investigating the performance of SC-CBFs subjected to near-fault 
earthquakes, 
 Investigating the possibility of using SC-CBFs in a retrofit strategy to either 
reduce the ductility demands on structural systems such as moment resisting 
frames or increase the ductility capacity of concentrically braced frames, 
 Investigating the performance of SC-CBFs under the maximum considered 
earthquake to assess if the collapse prevention performance objective of the 
design procedure is met, 
 Investigating if the modal combination procedures proposed in this research 
should be extended to other types of earthquake resisting structural systems. 
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